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Abstract  
The Walloon Subgroup (WSG) represents a prolific coal seam gas (CSG) resource which, in part, 
underpins three large CSG to liquefied natural gas (LNG) projects operating along the Australian east 
coast.  These mega-projects require long term forecasts of gas production, predictions which are often 
derived via the dynamic simulation of numerical reservoir models.  Reservoir models consist of 
hierarchical collections of inter-related rock and fluid parameters. The facies model, representing 
palaeogeography, serves as the foundation of this linkage as it defines the three-dimensional (3D) 
geometry and distribution of coal seams.  This thesis is comprised of complimentary studies aimed 
at investigating and enhancing the predictive capability of numerical facies models in the Walloon 
Subgroup.   
A preliminary screening study investigates CSG production behaviours to understand how reservoir 
parameters, including the distribution and continuity of coal layers, impact the predictions output by 
reservoir models.  A database of open-source reservoir properties was compiled and used to construct 
representative reservoir models for three CSG development areas present along the WSG productive 
fairway in the eastern Surat Basin.  Simulation experiments using these models confirms that the 
distribution and lateral continuity of coal facies are a significant control upon the late-stage 
production behaviour of CSG wells – a finding which provides impetus for further detailed 
investigation of WSG facies models.   
Construction of predictive facies models requires a comprehensive understanding of regional 
depositional trends, local facies architectures and depositional processes as well as computer routines 
able to translate this information into numerical 3D grids.  Present gaps in the industry’s 
understanding of the WSG highlight the requirement for further studies aimed at 1) refinement of the 
WSG’s regional stratigraphic and palaeogeographic models, 2) delineation of the WSG’s reservoir 
scale internal alluvial architecture, 3) identification of the processes or mechanisms controlling 
reservoir-scale facies relationships within the WSG and 4) development of workflows better able to 
represent alluvial facies in numerical reservoir models.  The focus of this dissertation is to explore 
these conceptual gaps leading to improved numerical facies models of the WSG. 
Investigation of WSG facies models began with a regional study integrating newly available bore-
hole image log data with sedimentological interpretations from cored wells and regional correlations 
to test and refine existing basin-wide palaeogeographic models for the WSG.  This analysis offers a 
glimpse into fluvial styles and palaeoflow orientations present within the basin’s interior and was 
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used to identify regional trends describing the spatial and temporal distribution of alluvial 
depositional styles.  Synthesis of stratigraphic, sedimentological and palaeoflow interpretations 
developed during this study suggests the presence of a SE oriented trunk drainage system during 
deposition of the WSG.  Within this regional context, a follow on high-resolution study provides 
insight into the geometry of reservoir-scale WSG alluvial architectures and elucidates the geological 
controls upon their development.  Templates for the geometry and orientation of WSG architectural 
elements including channel belt, isolated channel, crevasse splay and peat mires were delineated from 
analysis of a 3D seismic volume.  Interrogation of the spatial and temporal facies organisations 
interpreted from the 3D seismic volume reveal complex intra-WSG stratigraphic relationships, 
suggesting that compensational stacking played an important role in influencing the systems’ 
palaeogeographic organisation. 
These precursor studies provide critical inputs required for the construction of predictive CSG facies 
models.  The final thesis component integrates these learnings to test existing and develop new 
numerical facies modelling methodologies.  Interrogation of facies modelling workflows suggest that 
current approaches struggle to represent the complex three-dimensional alluvial architecture present 
within the WSG, specifically with respect to coal structures including coal seam amalgamation, 
bifurcation and washouts.  To address this limitation, a facies modelling routine was developed in 
which automata representing the process of differential compaction driven compensational stacking 
are used explicitly to condition facies model outcomes.  Application of this workflow allows for 
complex facies structures, more consistent with those observed in seismic sections or outcrop 
exposures, to be rendered in numerical facies models.  This approach is implemented via the 
development of an open-source facies decompaction plugin compatible with Schlumberger’s 
PETRELTM 2015 software which can be applied to model field data directly or used to create 
enhanced 3D training images for deployment into multi-point statistics facies modelling workflows. 
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1. INTRODUCTION 
 
Widely regarded as a lower carbon alternative to coal or oil, natural gas is an accessible, safe and 
abundant energy source.  While conventional gas reserves peaked in the early 2000’s, global natural 
gas consumption is expected to increase by 80% through to 2040 (IEA 2016).  In the face of naturally 
declining conventional reserves, increased future demand will likely be met by unconventional 
sources of gas, the emergence of which has been driven largely by recent growth in shale and coal 
seam gas plays.  These advances, coupled with the advent of commercial liquefaction technology in 
the 1960’s, provide international trade opportunities thereby allowing natural gas to play a significant 
role in global energy security through the next century. 
Coal seam gas (CSG) or coal bed methane (CBM) is natural gas which forms via geological and/or 
biological pathways from coal.  Recent CSG development in eastern Australia has established the 
Surat Basin as a prolific gas province and one of great economic significance to Queensland.  Three 
CSG-to-LNG export mega-projects presently operating along the Australian east coast are, in-part, 
underpinned by the CSG resource contained within the Walloon Subgroup (WSG) coal measures.  
Queensland Curtis LNG began operation on Curtis Island, offshore the Queensland coast, in 
December 2014.  In the following two years commission and expansion of Gladstone LNG and 
Australia Pacific LNG terminals increased Queensland LNG production to 25.3 million tonnes per 
annum, representing a total investment of more than $A70 billion (APPEA 2016).  In 2015 
Queensland produced approximately 457 petajoules (PJ) of CSG, of which the majority (352 PJ) was 
sourced from the WSG (Figure 1, DNRM 2016).  Given the total investment to date, the long 
lifecycles of these projects and the enormity of the resource, the continued success of Queensland as 
a major LNG exporter is contingent upon the ability of WSG reservoirs to reliably supply gas.   Over 
their lifespans, the combined total LNG requirement is estimated at more than 25,000 PJ of gas, 
sourced from tens of thousands of CSG wells (Kelly 2015).  Successful resource development on 
such an immense scale necessitates world-class reservoir exploitation and optimisation.   From a 
subsurface perspective, this translates to the requirement for comprehensive reservoir characterisation 
efforts leading to the construction of predictive reservoir models. 
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Figure 1. Queensland CSG production (DNRM 2016) 
Increasingly, reservoir models are tools used for reserve estimation or field development planning 
and often underpin a variety of techno-commercial decisions.  Numerical reservoir models consist of 
linkages of inter-related subsurface parameters, representing rock and fluid properties in three-
dimensions.  The facies property, representing palaeogeography, is the foundation of this hierarchy 
as it defines the geometry, orientation and spatial relationships of geological units.  Construction of 
predictive reservoir models requires a comprehensive understanding of the geological system to be 
modelled.  In this context, a breadth of WSG focused research has emerged over the past few decades 
in response to increased economic interest in the Surat Basin.  Multiple studies have explored aspects 
of the WSG encompassing sedimentology (e.g. Yago 1996, Martin et al. 2013), stratigraphy (e.g. 
Hoffmann et al. 2009, Esterle et al. 2013, Wainman et al. 2015), gas content (Scott et al. 2007, 
Hamilton et al. 2012), tectonic evolution (e.g. Waschbusch et al. 2009, Korsch and Totterdell 2009), 
reservoir behaviours (e.g. Lagendijk and Ryan 2010, Ryba et al. 2011), reservoir modelling (e.g. 
Martin and Morris 2015, Erriah et al. 2015) and the holistic CSG play concept (e.g. Draper and 
Boreham 2006, Ryan et al. 2012).  Even as this body of work continues to expand, geological 
uncertainties and facies modelling workflow limitations exist at a variety of scales and may 
undermine the ability of current efforts to produce geologically representative facies models.   
RESEARCH PROBLEM 
Construction of predictive facies models requires a comprehensive understanding of regional 
depositional trends, local facies architectures and depositional processes as well as computer routines 
able to translate this information into numerical 3D grids.  Despite the above-mentioned body of 
work, significant gaps exist in the CSG industry’s knowledge of fundamental aspects of the WSG’s 
palaeogeography at a variety of scales and how best to represent this system in numerical reservoir 
models.   
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Conceptual models describing the WSG’s sedimentary organisation remain contentious, resulting in 
the proliferation of ambiguous and often contradictory regional depositional trends.  While largely 
agreed to have been deposited on a vast alluvial plain, competing palaeogeographic models for the 
WSG depositional system exist.  These contradictory models describe the Walloon Subgroup as either 
an internally draining fluvio-lacustrine system (Yago 1996, Yago and Fielding 2015) or, alternatively, 
as a southeast-prograding distributive trunk drainage system (Hamilton et al. 2014, Wainman and 
McCabe 2017).  Without a unifying conceptual model elucidating the holistic sedimentary 
organisation of the WSG, predicting the distribution of alluvial sub-environments and depositional 
styles within the basin is difficult.   
The reliance upon lithostratigraphic frameworks by most practitioners working in the WSG is also 
problematic.  The absence of a regional datum such as a marine shale, coupled with the laterally 
discontinuous nature of alluvial sediments results in WSG correlations which are highly uncertain.  
Over the past few decades, multiple intra-WSG lithostratigraphic frameworks have evolved (e.g. 
Jones and Patrick 1981, Scott et al. 2007) and been tested by over 8,000 recently drilled wells.  While 
perhaps locally useful, these frameworks have been shown to be diachronous (Wainman and McCabe 
2017) and break down when applied at basin-scales (Martin et al. 2013).  Meaningful delineation of 
regional sedimentary trends first requires the application of a robust intra-Walloon stratigraphic 
framework, capable of reliably defining contemporaneous cycles of deposition. 
The local-scale reservoir architecture of the WSG is poorly defined.  WSG exposures present around 
the Surat Basin’s periphery or in the Clarence-Morton Basin demonstrate that facies relationships 
within the WSG are complex.  Yet due to the restricted availability and poor quality of exposures, the 
stratal architecture of the WSG remains poorly delineated.   The few published outcrop and closely 
spaced mining bore studies available (e.g. Leblang et al. 1981, Yago 1996, Yago and Fielding 2015) 
describe a heterolithic and lenticular succession in which well-to-well correlations are uncertain, even 
at relatively close spacing.  The stratigraphic complexity inherent to the WSG limits the utility of 
CSG field scale well datasets to reliably delineate the high-resolution internal architecture of the 
WSG.  The absence of templates describing the geometry, orientation, and spatial / temporal 
relationships of WSG alluvial sub-environments probably contributes significantly to uncertainty in 
field-scale reservoir models.   
Furthermore, the controls upon WSG sequence development are also unclear, with the interplay 
between autocyclic processes and allocyclic controls (i.e. tectonic, eustatic, or climatic forcings) not 
fully understood.  Syn-depositional reactivation of deep seated structures may locally influence the 
WSG’s sedimentary organisation (Boyd et al. 2016, Wainman and McCabe 2017); however in 
general the timing and magnitude of syn-depositional tectonism in the Surat Basin is poorly 
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understood (Hamilton et al. 2014).  Yago (1996) suggests that subsidence and sediment availability 
are the primary controls upon the WSG’s alluvial organisation, whereas others describe a WSG 
succession that appears to be strongly affected by autocyclic processes (Leblang et al. 1981).  
Unravelling the geological controls responsible for the WSG’s complex internal organisation will 
allow for increasingly predictive process based facies modelling. 
These geological uncertainties are compounded by current limitations of the algorithms and routines 
used to populate facies variables in 3D numerical models.  Existing facies modelling algorithms tend 
to generate either overly-idealised facies realisations which do not fully honour input data, or 
pixelated statistical facies distributions which lack geological realism (Cojan et al. 2004).  More 
sophisticated approaches using multi-point statistics may provide geologically representative 
realisations but also suffer from the subjective process of selecting a training image as well as an 
absence of training images which describe facies architectures in three-dimensions.  The industry 
standard approach for CSG reservoir modelling (e.g. Zhang et al. 2014) is impeded in the WSG by 
the reliance upon subjective lithostratigraphic correlations, resulting in uncertain deterministic 
frameworks for most WSG reservoir models.  Although recognized as problematic, this workflow 
has remained largely unchanged over the past two decades.   
Collectively, these problems impede the ability of current reservoir models to meaningfully represent 
the WSG’s palaeogeography, which in turn, may undermine the predictive capability of reservoir 
models.  These issues highlight the requirement for further studies aimed at 1) refinement of the 
WSG’s regional palaeogeographic models, 2) delineation of the WSG’s reservoir scale internal 
alluvial architecture, 3) identification of the processes or mechanisms controlling reservoir-scale 
facies relationships within the WSG and 4) development of workflows better able to represent the 
WSG in numerical reservoir models. The focus of this dissertation is to explore these conceptual gaps 
leading to improved numerical facies models of the WSG. 
SIGNIFICANCE 
Over the past decade, the expansion of CSG activity in the Surat Basin has established over 33, 000 
PJ of proven and probable (2P) CSG reserves (DNRM 2016).  Due to the WSG’s relatively short 
production history, this resource is booked partly on the basis of production forecasts generated via 
the dynamic simulation of numerical reservoir models.  As the basin matures and the industry's focus 
shifts from exploration to production, the predictions from these reservoir models are being tested.  
In some cases, early production forecasts have been invalidated by observed production results 
(Figure 2) - a finding which may require costly ad hoc amendments to CSG development project 
strategy, economics or scope.  The discrepancy between actual and predicted reservoir behaviour 
25 
highlights the importance of investigating the current limitations upon the predictive capability of 
CSG reservoir models and suggesting means by which these may be overcome. 
 
Figure 2.  Production forecast versus actual production for a CSG field.  The yellow shaded area represents 
the difference between predicted and actual gas production (Riley 2005).  For illustration only, units removed 
by source publication. 
 
SETTING 
Often described as broad and gently dipping, the Surat Basin constitutes the eastern segment of the 
Great Artesian Basin, a vast linkage of Mesozoic sedimentary equivalents encompassing some 
270,000 km2 in eastern Australia.  The Mesozoic succession includes Jurassic to Cretaceous aged 
sediments expressed in three (termed oldest to youngest as J, K and L by Hoffmann et al. 2009) fining 
upwards cyclothems (Figure 3).  The Walloon Subgroup, a member of the second Middle Jurassic 
mega-sequence (K super-sequence after Hoffmann et al. (2009)), subcrops against the metamorphic 
rocks of the Auburn Arch and New England Fold Belt to the east and against the Bowen Basin in the 
North, then thickens to the south and west towards the Basin’s central north – south trending axis, the 
Mimosa Syncline (Figure 4).  To the west, the Surat Basin thins across the Roma Shelf and over the 
Nebine Ridge before joining the Eromanga Basin whereas to the southeast it is continuous with the 
Clarence-Morton Basin across the Kumbarilla Ridge (Exon 1976).  
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Figure 3.  Surat Basin stratigraphic column (Scott et al. 2007, Hoffmann et al. 2009, Wainman et al. 2015).  
Red lines on the gamma ray log denote sequence boundaries.  Gamma ray from type well shown to illustrate 
lithology. 
This thesis spans several scales of investigation.  The CSG production analysis and regional 
framework studies considered data from throughout the basin and in particular the eastern CSG 
fairway.  This is the most developed in terms of CSG infrastructure portion of the Surat Basin, 
extending from west of the Mimosa Syncline to the present day subcrop edge along eastern margin 
of the basin.  Field scale studies focused on data rich development areas present on the Roma Shelf 
(Myall Creek) and Undulla Nose (Lauren) areas (see Figure 4).  The Myall Creek Field, operated by 
Origin Energy, produces gas from the Permian Tinowan Formation and contains 21 wells intersecting 
the WSG complemented by a 3D seismic survey acquired in 2004.  Well and seismic data intersecting 
the WSG interval was considered from this field; however the Permian production data was not 
relevant to this study.  The Lauren Field is located atop the Undulla Nose, a highly productive CSG 
area (Scott et al. 2007).  Shell Corporation (formerly QGC) operates the field and has drilled more 
than 85 CSG wells within the footprint of an 85 km2 3D seismic survey. 
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Figure 4.  Study area map showing base WSG structure.  Contour interval is 100m.  Fault polygons digitised 
from Ryan et al. 2012.  Line of section A-A’ relates to Figure 6.   
 
RESEARCH OBJECTIVES & THESIS STRUCTURE 
The principle objective of this thesis is to explore constraints upon the predictive capability of 
numerical CSG reservoir facies models and propose means by which these may be improved.  The 
quality of a subsurface model can be assessed by measuring its ability to predict reservoir 
characteristics or behaviours (Tyson 2009) and is generally related to two aspects: (1) the model 
inputs considered and (2) the techniques and rigour applied during model construction.  This thesis 
consists of four sequential papers aimed at investigating and improving these constraints (Figure 5).   
To validate the scope of research, a preliminary screening study identifies the specific controls upon 
Walloon Subgroup CSG production behaviours (Paper 1).  This study confirms that uncertainty 
surrounding coal facies distribution and lateral continuity is a key limitation in existing CSG reservoir 
models.  A basin-scale investigation updates the Walloon Subgroup depositional model to develop a 
robust stratigraphic framework and define regional trends in the WSG sedimentary system (Paper 2).  
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This work provides a regional geological context for follow on focused studies.  The first field-scale 
study (Paper 3) uses a high-resolution seismic data set to explore the alluvial architectures present 
within the WSG.  The findings of this study establish templates for the geometry and orientation of 
WSG sub-environments. The distribution of sub-environments are further interrogated to explore the 
geological controls upon the depositional organisation within the WSG.  Finally, the learnings of 
previous studies are integrated into a reservoir-scale modelling experiment which developed a 
decompaction software compatible with PETRELTM 2015 (Chapter 6).  Facies models constructed 
via decompaction workflows using this newly developed software are able to reproduce facies 
architectures which are more consistent with those observed in outcrop exposures or 3D seismic 
datasets.  Specifically, the studies undertaken within this thesis are designed to sequentially address 
the following research themes: 
1. To identify the controls upon CSG reservoir behaviours in the Surat Basin.  Specifically, to 
quantify the influence that coal layer distribution and lateral continuity have with respect to 
well-scale CSG production behaviour; 
2. To test competing models for the regional organization of the WSG’s depositional system and 
refine the WSG’s basin-scale depositional trends in fluvial style and orientation; 
3. To delineate the geometry and organization of architectural elements within the Walloon 
Subgroup and identify the possible controls upon local sequence development; and 
4. To test existing and develop new approaches of populating facies variables in numerical 
reservoir models. 
A final chapter integrates the findings to discuss the holistic significance of the research. 
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Figure 5.  Thesis workflow schematic.  A parametric screening study is presented as Chapter 3, a regional 
basin analysis study is presented in Chapter 4, a seismic based reservoir architecture study is presented in 
Chapter 5 and facies modelling is discussed in Chapter 6. 
 
RESEARCH OUTCOMES 
This thesis is a “thesis with publication” and presents research findings in four sequential standalone 
scientific papers, following a literature review.  Each paper has been designed to address one of the 
above-mentioned research objectives. 
The first paper (incorporated as Chapter 3) “Regional parametric sensitivity analysis of Walloon 
Subgroup CSG production”, is a screening study aimed at investigating the controls upon Walloon 
Subgroup specific CSG production behaviours.  CSG reservoir performance is difficult to predict, 
owing to a series of complex and often obscure interactions between numerous reservoir parameters 
(Ryba et al. 2011); however, identifying the factors controlling CSG well performance in the Surat 
Basin provides direction for future studies aimed at improving the predictive capability of subsurface 
models.  The high degree of vertical heterogeneity, lateral discontinuity and thermal immaturity 
inherent to WSG coals pose unique challenges to reservoir characterization and preclude most other 
CSG basins as being useful analogues.  Without the benefit of extensive historical production data 
from the Surat Basin or appropriate analogues, empirical simulation is one of the few remaining tools 
available able to study Walloon Subgroup reservoir behaviours. 
A database was populated from 152 open-file well reports located in three areas along the eastern 
subcrop to understand how CSG reservoir properties including permeability, gas content, net coal, 
drainage area and Langmuir properties vary across the basin.  Representative single well radial 
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models were constructed for each area and then analytically simulated to understand how the 
predicted production performance responds to each parametric input.  Compilation of results allows 
for the quantification and ranking of parametric uncertainties with respect to their impacts upon 
specific CSG production behaviours such as peak gas rate, de-watering time, or cumulative gas 
produced.  This analysis aims to elucidate the controls upon reservoir behaviours and tests the 
following hypotheses: 
H1: Reservoir parameter distributions vary considerably across the basin, responding to 
geological variations; 
H2:  Permeability and gas saturation are significant controls upon the rate of CSG production; 
H3:  Net coal and lateral coal layer continuity are significant controls upon the volume of CSG 
ultimately recovered. 
The outcomes of Paper 1 allow subsurface parameters to be related to specific CSG production 
behaviours.  Reservoir parameters are found to vary significantly between study areas reflecting the 
interplay between multiple geological controls.  This investigation identified that the parameters most 
influential to gas rate are permeability and net coal thickness.  The distribution of net coal and coal 
layer lateral continuity were found to be the most influential with respect to the estimated cumulative 
gas recovered.  Importantly, this work confirms the significance that the facies model has with respect 
to predictions of total recoverable gas.  Validation of H3 confirms that coal layer distribution and 
lateral continuity are key factors influencing the predictions of CSG reservoir models.   This finding 
highlights the significance of building representative facies models as the facies variable is used to 
control the geometry and distribution of coal layers within a 3D reservoir model.   
Given this understanding, the second paper (incorporated as Chapter 4) “Regional insights into the 
sedimentary organisation of the Walloon Subgroup, Surat Basin” uses newly open-source core, 
wireline and borehole image log (BHI) datasets to explore the WSG’s basin-wide depositional trends.  
Sequence stratigraphic correlations developed in 772 wells were used to implement a consistent and 
regionally robust stratigraphic framework in which depositional trends could be interrogated by 
systems tract.  Fluvial styles and palaeodrainage orientations interpreted from BHI logs were coupled 
with facies interpretations derived from core calibrated wireline log motifs to test the following 
hypotheses: 
H4:  The WSG palaeogeographic system represents a southeasterly prograding meandering to 
anastomosing fluvial system. Proximal to distal variations in alluvial architecture exist along 
depositional strike, primarily in a northwest to southeast orientation; 
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H5:  The WSG was deposited in the transgressive and highstand systems tracts of a single 
sequence. 
This investigation resolved fundamental aspects surrounding the sedimentary organisation of the 
Walloon Subgroup including the style and orientation of the fluvial systems present within the basin.   
This work developed a robust stratigraphic framework, defined regional temporal and spatial 
depositional trends and established a holistic model of WSG palaeogeography. 
The establishment of a regional depositional framework also provides the context for more focused 
field scale investigations.  A follow-on study was undertaken to explore the field-scale architecture 
of CSG reservoirs present within the WSG.  This third paper (incorporated as Chapter 5) entitled “A 
seismic based investigation into the geometry and controls on alluvial organisation in the 
Walloon Subgroup, Surat Basin, Queensland” uses a high-resolution 3D seismic dataset to test the 
following hypotheses: 
H6: The WSG comprises a heterolithic succession consisting of peat mire, channel, lacustrine, 
and crevasse splay sub-environments; 
H7: Interaction between allocyclic (e.g. tectonic) and/or autocyclic (compensational stacking) 
depositional processes are responsible for the WSG’s complex alluvial organisation. 
Chapter 5 integrates high-resolution well and 3D seismic information to define templates for 
depositional sub-environments present within the WSG.  A database of geometric and spatial 
relationships was compiled which can be used as inputs for subsequent modelling exercises.  The 
spatial and temporal relationships between sub-environments were further interrogated to elucidate 
the possible controls upon the development of parasequence-scale cycles within the WSG.  This 
investigation has uncovered evidence for autocyclic processes (compensational stacking) in the WSG. 
The final component “Complementing coal seam gas reservoir modelling workflows with 
decompaction based processes” integrates all previous findings in an effort to construct better facies 
models of the WSG.  This study tests existing approaches and more importantly, develops a new 
hybrid methodology for populating facies variables in CSG reservoir models.  Chapter 6 demonstrates 
that current geostatistical approaches may struggle to represent some coal seam structures present at 
reservoir scales.  To overcome this limitation, a new software was developed which introduces 
functionality within PETRELTM 2015 (see Appendix 2) to decompact 3D facies models such that 
iterative workflows considering the influence of compensational stacking can be used to condition 
facies model outcomes.  This functionality complements traditional approaches to create coal layer 
architectures that appear more consistent with those documented in mine boreholes, outcrop 
exposures and seismic surveys (e.g. Leblang et al. 1981, Yago 1996).  
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H8: The mechanics of compensational stacking can be used explicitly to condition facies 
realisation, resulting in more representative coal seam structures. 
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2. LITERATURE REVIEW 
INTRODUCTION 
The distribution and lateral continuity of coal facies is a significant control upon the predictive 
capability of coal seam gas (CSG) reservoir models (Lagendijk and Ryan 2010).  In most numerical 
modelling workflows, the facies property is used to define the geometry and distribution of coal 
bodies populated within a 3D grid.  In a CSG context, the facies variable underpins the prediction of 
the volume of gas in-place and defines the flow pathways present within or between reservoirs.  
Construction of representative numerical facies models requires four fundamental inputs, spanning 
the disciplines of reservoir characterisation and numerical modelling: 
1. A comprehensive understanding of stratigraphy and sedimentology; 
2. An understanding of palaeogeography at field-scales including the geometry, orientation and 
spatial relationships of architectural elements;   
3. Insight into the geological controls responsible for alluvial organization at reservoir scales; 
and 
4. Algorithms, workflows, or routines capable of representing depositional architectures in 
numerical models.   
Subsections within this literature review chapter identify and discuss the current state of 
understanding with respect to each of these four fundamental requirements in the context of the 
Walloon Subgroup.  An introductory section provides a cursory overview of CSG and highlights the 
unique challenges associated with producing CSG from the Walloon Subgroup.  The second section 
establishes a geological framework by providing an overview of the geological system in which the 
Walloon Subgroup was deposited.  The third section discuses reservoir modelling and describes the 
current state of facies modelling methodologies together with their associated limitations.  For 
continuity, portions of this literature review are also incorporated in the published work (chapters 3-
6). 
GEOLOGY OF THE SURAT BASIN & WALLOON SUBGROUP  
Tectonic Evolution 
Despite accordance surrounding the tectonic history of the New England Orogen and adjacent 
sedimentary basins, the causal mechanism(s) for the Surat Basins' subsidence remain unresolved.  A 
variety of structural settings have been proposed, ranging from a back-arc subduction zone 
(Waschbusch et al. 2009, Korsch and Totterdell 2009, Korsch et al. 2009) to an intracratonic rift zone 
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(Fielding 1996).   
Uncertainty in evolution is not a problem specific to the Surat Basin as published discourse 
surrounding the origin of the partially underlying Bowen Basin also demonstrates a lack of consensus 
with respect to its tectonic setting.  Like the Surat Basin, authors have suggested various causes for 
the Bowen Basin’s formation including continental loading in a foreland setting (Murray 1995), basin 
pull-apart due to dextral strike-slip faulting (Harrington and Korsch 1985), and crustal extension 
along a passive margin (Hammond 1987).  A leading theory proposes that Bowen Basin subsidence 
initiated due to extension behind a westward dipping convergent margin, caused by the subduction 
of the Panthalassa Oceanic plate under Gondwanaland (Green et al. 1997, Korsch et al. 1998).  The 
Permian - Triassic stress regime along Eastern Australia was complex and varied over time with 
lithospheric flexure attributed to extension (early Permian rifting), dynamic loading due to 
subduction, and static loading due to development of the New England Orogen (Murray et al. 1987).  
The New England Orogen as well as the bordering Paleozoic and Mesozoic sedimentary basins are 
inferred to have developed in a back-arc setting resultant of the outboard active margin along the east 
coast of the continent (Waschbusch et al. 2009).   Subsidence continued until the late Triassic when 
a period of crustal shortening ceased deposition, and resulted in the uplift and subsequent denudation 
of 0.9 - 2.5 km of Paleozoic sediments (Green et al. 1997).  Following this inversion, regional 
subsidence initiated again in the late Triassic with Mesozoic sediments accumulating on the Paleozoic 
peneplain.   
The tectonic processes driving the development of the Eromanga-Surat Basins were subtle and hence 
more difficult to reconstruct.  Two competing paradigms termed the intra-cratonic (Fielding 1993, 
Yago and Fielding 1996, Yago 1996) and peri-cratonic (Green et al. 1997, Waschbusch et al. 2009 
and Korsch et al. 2009) theories have emerged to explain the tectonic evolution of the Mesozoic 
Basins.  The former proposes that following the late Triassic contraction, the Surat Basin is evolved 
in an intracratonic position due to passive thermal subsidence (Fielding 1996) or due to thermal 
contraction resultant of deep metamorphism (Middleton 1989), while the Clarence-Morton Basin may 
have initiated as a failed incipient rift (Yago 1996).  In contrast, peri-cratonic proponents (Veevers et 
al. 1982, Murray et al. 1997, Korsch et al. 2009 and Waschbusch et al. 2009) suggest that thermal 
decay is insufficient to explain Surat subsidence and instead dynamic platform tilting due to viscous 
corner flow, attributed to plate movement in the adjacent subduction zone was favored as the 
mechanism responsible for Surat Basin subsidence (Veevers et al. 1982, Gallagher 1990, Murray et 
al. 1997 and Waschbusch et al. 2009).  The peri-cratonic model invokes movement along the outboard 
subduction zone which is believed to have remained active until about 95 Mya (Raza et al. 2009). 
Yago and Fielding (1996) describe Surat subsidence in the late Triassic as relatively uniform whereas 
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Waschbusch et al. (2009) use dynamic plate tilting in the westward dipping subduction zone to 
explain the asymmetrical nature of the basin.   Although rifting has been well established in Western 
Australia during the Late Jurassic (as the Australian continent broke away from Gondwanaland plate) 
contemporaneous divergent plate motion in eastern Australia has been dismissed by Green et al. 
(1991).   
The Jurassic was a period of relative tectonic quiescence; however, structuration expressed within the 
WSG section is usually related to features originating from the underlying Bowen Basin.  Along the 
basin’s eastern margin, reactivation of the deep-seated Moonie-Goondwindi and Burunga-Leichhardt 
thrust fault systems resulted in the formation of the Kogan and Undulla anticlines (Figure 6).  The 
timing of these structures is unresolved, with some authors linking their formation to a regional 
contraction in the Cretaceous, termed the Moonie Event (Korsch et al. 1998), while others suggest 
they initiated much earlier, in the early Jurassic and remained active throughout much of the Mesozoic 
(Sliwa and Esterle 2008).  Similarly, in the northeast of the basin reactivation of the Hutton-
Wallumbilla fault system is likely responsible for the development of the structural features present 
on the Roma Shelf including the Comet Ridge and Balonne Nose (Ryan et al. 2012).   
 
Figure 6.  Seismic section showing the geometry of the Surat Basin and key structural features: Balonne Nose, 
Burunga-Leichhardt fault, Undulla Nose (Martin et al. 2013).  The WSG is stratigraphically located between 
the green and blue horizons.  Line of section shown in Figure 4.  Green horizon is the Springbok Unconformity, 
blue horizon is the Base Walloon Subgroup, yellow horizon is the Evergreen Formation and red horizon is the 
top Bowen Basin. 
Stratigraphy of the Surat Basin  
A unifying stratigraphic model for the Surat Basin was proposed by Exon (1976) (after Cameron 
1970) and has subsequently been reaffirmed by the work of Jones and Patrick (1981), McKellar 
(1998), Hoffmann et al. (2009) and Jell (2013), all describing three major fining upward Jurassic 
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cycles of sedimentation (Figure 3).  While numerous stratigraphic frameworks exist within the 
literature, this thesis applies a sequence stratigraphic approach.   
Sequence stratigraphy applies a chronological framework to the rock record, with stratigraphic 
equivalents recognized on the basis of contemporaneous surfaces rather than similarity of physical 
properties such as grain size or lithology.  The approach was formalized by the early works of Wheeler 
(1958), Sloss et al. (1963), Vail et al. 1977, Posamentier and Vail (1988) and Van Wagoner et al. 
(1988) as it coevolved with the then nascent discipline of seismology to explain the geometry of early 
seismic reflections.   The method’s utility lies in its ability to formulate predictive stratal stacking 
models driven by the interaction between accommodation space and sediment supply; irrespective of 
scale or process (Catuneanu et al. 2011).  Once the causal link between global eustatic cycles and 
style of sedimentation was successfully demonstrated, the approach has become the standard for most 
marine and coastal basins.  Despite its acceptance in the marine-influenced realm, the application of 
sequence stratigraphy by practitioners working in inland regions has languished.  For basins such as 
the Surat Basin, located perhaps 300 km inland during deposition (Bradshaw and Yeung 1992), 
accommodation space is largely decoupled from eustacy and instead terrigenous cycles are more 
likely to be controlled by changes in tectonic or climatic boundary conditions (Boyd et al. 1998).  
Notwithstanding, the principles of sequence stratigraphy remain valid for interior basins; albeit 
sequences manifest unique signatures, as discussed in Shanley and McCabe (1994) and Olsen et al. 
(1995).  The criteria by which fluvio-lacustrine sequences are recognized stem from regional changes 
in sediment organization patterns or the identification of allocyclic incision events (Olsen et al. 1995, 
Hoffmann et al. 2009). 
 
Figure 7.  Idealised terrestrial sequence described in the Price Canyon, Utah (Olsen et al. 1995).  
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An archetypal interior basin sequence was described by Olsen et al. (1995) in Price Canyon, Utah 
and serves as a prescriptive model for non-marine sequences elsewhere (Figure 7).  In the Price 
Canyon, deposition began following a sudden decrease in baselevel, where under lowstand (Olsen et 
al. 1995) or early transgressive (Hoffmann et al. 2009) conditions, laterally amalgamated and multi-
storey sandstone channels were preserved.  These high-energy sediments unconformably overly a 
regionally extensive basal erosion surface (sequence boundary), formed previously by a rapid 
decrease in accommodation resulting in the erosion of older sediments.  The accumulation of 
reworked braided fluvial deposits reflects deposition in a low accommodation environment.  As the 
rate of accommodation space creation accelerates, fining upward heterolithic sediments of the 
transgressive systems tract (TST) are deposited overlying the amalgamated sand sheet (Figure 7).  
This systems tract initiates with isolated meandering channel deposits encased in floodbasin 
mudstones; however, mud content increases upwards and the system often culminates in lacustrine 
mudstones, analogous to a maximum flooding event in a marine setting (Olsen et al. 1995).  Overall 
the TST records a shift in fluvial organization from a braided / meandering system to distributive 
fluvial system; reflecting an increase in accommodation space and correlative decrease in 
depositional energy.  Following this deepening event, the rate of accommodation space creation 
slows, which is are recorded by a coarsening upwards highstand systems tract (HST) succession.   The 
HST is composed of mud-dominated alluvial material that grades upwards into meandering channels 
encased in flood basin mudstones, before being truncated by the next sequence boundary.  This 
pattern of sedimentation is recognized within the J to L sequences of the Surat Basin (Hoffmann et 
al. 2009). 
Surat Sequence 1 
Prior to Jurassic deposition, a late Triassic period of crustal contraction caused significant uplift 
resulting in the removal of 0.9 – 2.5 km of the underlying Permo-Triassic Bowen Basin sediments 
(Raza et al. 2009).  During this period, the Surat Basin was largely an area of sediment bypass; 
however restricted areas of Triassic sediments (e.g. the Eddystone beds) were preserved (McKellar 
1978).  Beginning in the early Jurassic, high energy channel sediments amalgamated to form the 
Precipice sand sheet, deposited atop the Triassic - Permian unconformity (Exon 1976, Yago 1996).  
These fluvial deposits constitute the lowstand / early transgressive systems tract and the peneplain 
upon which they are deposited is an unconformity, termed the J sequence boundary by Hoffmann et 
al. 2009 (Figure 3).  The Precipice Formation fines upwards into the heterolithic Evergreen 
Formation, representing waning energy as accommodation space increased during the transgressive 
systems tract (Exon and Burger 1981).  The gradational nature of the boundary separating the 
Evergreen and Precipice formations suggests that these are elements of the same overriding sequence.  
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Based on field observations, Exon (1976) interpreted that the Lower Evergreen was deposited in a 
lower coastal plain setting with marine influence evidenced by the presence of bioturbation, wave 
ripples, and hummocky-cross stratification.  This was later refuted by Fielding (1996) who interpreted 
that these criteria were more aptly explained by a prograding deltaic-lacustrine system.  The Boxvale 
Member of the Upper Evergreen Formation marks increasing depositional energy as accommodation 
space decreased in the early highstand systems tract, before an abrupt drop in baselevel resulted in a 
basin-wide erosion event at the base of the Hutton Sandstone (Hoffmann et al. 2009).   
Surat Sequence 2  
The erosive base of the Hutton Sandstone indicates a regional allocyclic event designating the second 
major Jurassic sequence boundary, termed the K sequence (Hoffmann et al. 2009).  Previously, Exon 
(1976) proposed that the Evergreen Formation and Hutton Sandstone were conformable; however, 
the erosive scour and abrupt grain size change at the base of the Hutton Sandstone more likely 
indicates the presence of a sequence boundary.  The cause of this abrupt lowering of baselevel is 
enigmatic; however likely driven by eustatic or tectonic adjustments (Bradshaw and Yeung 1992).  
The second Jurassic mega-sequence contains three conformable lithostratigraphic subdivisions 
consisting of the Hutton Sandstone overlain by the heterolithic Eurombah Formation, and finally the 
Walloon Coal Measures, reflecting the lowstand, transgressive, and highstand systems tracts 
respectively.  Swarbrick (1973) makes reference to the Durabilla Formation as a heterolithic unit 
overlying the Eurombah; however, Hamilton et al. (2014) demonstrates that there is no appreciable 
distinction between the Eurombah and Durabilla Formations.  As such, this study refers to the 
Durabilla Formation to represent both the previously identified Eurombah and Durabilla Formations.  
The Hutton Sandstone was first described by Exon (1976) as a sand dominated unit, composed 
predominantly of fluvatile sediments deposited by north-easterly flowing meandering channels.  In 
core, the Hutton Sandstone appears as a coarse grain sandstone with variable mudstone lamina, 
attributed to periodic lacustrine inundation in a fluvial setting.  A more recent study by Rose (2014) 
provides a synthesis of depositional environments by subdividing the Hutton Sandstone into an upper 
and lower member.  This research proposes that the Upper Hutton Sandstone was deposited by 
anastomosing channels on a submerged floodplain, while the Lower Hutton Sandstone reflects an 
increase in depositional energy and was deposited by meandering to braided rivers (Rose 2014).  The 
Durabilla Formation represents deepening conditions and preserves minor sandstones deposited by 
meandering channels encased in floodplain silts and mudstones.  The increased accommodation space 
and corresponding decrease in energy and grain size suggests the Durabilla Formation was deposited 
as part of the transgressive systems tract (Hoffmann et al. 2009).  Continued deepening during the 
Oxfordian resulted in the proliferation of vast wetlands across the Surat Basin as water tables rose.  
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These inundated sediments, composing the Walloon Subgroup, record a reversal in accommodation 
space as a shift from fining upwards to coarsening upwards successions represents the change from 
increasing to decreasing base level.  While complex, the WSG reflects a continuum of depositional 
styles represented by a heterolithic succession of often submerged flood basin deposits with 
occasional meandering channel sandstones (Martin et al. 2013) 
Surat Sequence 3 
The final Jurassic sequence (termed the L Sequence by Hoffmann et al. 2009) contains the 
amalgamated sandstones of the Springbok Sandstone and the relatively finer grained sediments of the 
overlying Westbourne Formation.  The base of the Springbok is the third Jurassic sequence boundary 
and records an abrupt increase in depositional energy relative to the conditions of underlying 
heterolithic Upper Juandah Member.  Recent work by Hamilton et al. (2014) and Sliwa et al. (2014) 
demonstrate that this contact is erosional and that locally the Springbok has removed portions of the 
upper Walloon Subgroup. 
The Walloon Subgroup 
Stratigraphy 
This study focuses on the Walloon Subgroup, a member of the second Jurassic mega sequence 
(termed the K-Sequence by Hoffmann et al. (2009)), ranging from the Aalenian to the Callovian 
(Burger 1994, Jell 2013) or perhaps as young as the Oxfordian (Wainman et al. 2015).  First described 
by Cameron (1970) in the Rosewood-Walloon coalfields, the Walloon Coal Measures (later renamed 
Walloon Subgroup by Jones and Patrick (1981)) grade upwards from the underlying Durabilla 
(Eurombah) Formation and are unconformable with the Oxfordian (or younger) aged Springbok 
Sandstone above (see Figure 3).   
Multiple internal Walloon stratigraphic nomenclatures have evolved over the past decade as interest 
in the WSG has grown in response to increased CSG activity.  The earliest intra-WSG framework 
was developed from mining exposures in the north of the basin and proposed a four part 
lithostratigraphic subdivision (Swarbrick 1973).  Jones and Patrick (1981) later adapted this model 
and named the upper and lower coal prone layers (Juandah and Taroom respectively), separated and 
underlain by coal barren units the Tangalooma Sandstone and Durabilla Formation respectively.  
Scott et al. (2004, 2007) provided further refinement by introducing nine informally named seam-
groups within the Juandah and Taroom members.  Following this nomenclature, the Kogan, 
Macalister, Nangram, Wambo, Iona, and Argyle seams are classified into the Juandah Coal Measures, 
while the Auburn, Bulwer, and Condamine seams compose the Taroom Coal Measures.  The Juandah 
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Coal Measures can be further subdivided into and the Upper Juandah (Kogan, Macalister, and 
Nangram) seam-groups which are separated by the Wambo Sandstone (Ryan et al. 2012) or Juandah 
Sandstone (Sliwa et al. 2014) from the Lower Juandah (Wambo, Iona, and Argyle) seam-groups 
(Figure 3). 
Since Scott et al. (2004) more than 8000 CSG wells have been drilled intersecting the WSG, some of 
which are found to invalidate the seam-group framework.  This observation is also confirmed by 
recent isotopic, litho-, bio- and chemo-stratigraphic studies (Martin et al. 2013, Sliwa et al. 2014, 
Wainman et al. 2015).  New studies based on recent drilling information demonstrate not only that 
seam-groups are not equivalent across the basin but that the regional correlation of coarse-clastic 
members (i.e. Juandah, Tangalooma, Wambo, or Condamine Sandstones) is also problematic (Sliwa 
et al. 2014).  Previously interpreted as basin-wide sand sheets, new information suggests that these 
are more likely diachronous sand bodies which pinch out laterally (Hamilton et al. 2014).  These 
observations demonstrate that internal correlations within the Walloon Subgroup are ambiguous, 
often resulting in contradictory stratigraphic outputs from academia, various CSG companies and the 
Geological Survey of Queensland (GSQ).   Correlation problems are attributed to the interplay 
between a multitude of factors, specifically: (1) high-frequency autocyclicity resulting in a complex 
and heterolithic alluvial succession, (2) the absence of chronostratigraphic datum such as wide-spread 
tuffs, soils, or marine shales), (3) a dearth of published age dates, (4) ambiguously defined 
lithostratigraphic nomenclature, (5) extra-formational (i.e. the Springbok unconformity) and intra-
formational (e.g. base of channel) incision events and (6) small-scale variations in accommodation 
(tilting, faulting, or compaction related) which may locally affect alluvial architecture.  Collectively 
these issues contribute significantly to the difficulty observed in propagating regional 
lithostratigraphic correlations.   
Over time, the internal stratigraphy of the Walloon Subgroup has evolved towards an increasingly 
high-resolution lithostratigraphic framework which has been shown by various regional studies to be 
problematic (e.g. Martin et al. 2013, Sliwa et al. 2014, Wainman et al. 2015).  To mitigate the issue 
of contradictory intra-WSG correlation schemes, this study breaks from the trend of adopting a high-
resolution lithostratigraphic approach to employ a simple yet robust sequence stratigraphic 
framework.  In this context, the WSG is subdivided into two sequence tracts, reflecting transgressive 
and highstand systems, separated by a “maximum flooding surface” representing the highest rate of 
accommodation creation present during the Subgroup’s deposition (see Figure 3).  As previously 
stated, the WSG is the youngest member of the K-Sequence, the second major Jurassic sequence in 
the Surat Basin (Hoffmann et al. 2009).  As the rate of base-level rise increased during early 
transgression, the amalgamated fluvial sediments of the Hutton Sandstone fine upwards into the 
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Durabilla (Eurombah) Formation, a heterolithic succession of isolated channels encased in overbank 
and flood-basin siltstones and mudstones (Exon 1976).  The Durabilla (Eurombah) Formation 
continues to fine upwards into the Taroom member of the lower Walloon Subgroup, representing 
continued deepening conditions in the late transgressive systems tract (TST).  A shift from decreasing 
to increasing energy in the Lower Juandah Member records the reversal in accommodation space, 
denoting the K sequence’s terrestrial “maximum flooding surface” (MFS) equivalent.  Maceral 
indices for the Lower Juandah coal seams indicate high water table conditions and record the 
“deepest” environment present during the deposition of the WSG (Ryan et al. 2012, Hentschel et al. 
2015).  Sections of the Upper Juandah are commonly removed by the overlying Springbok 
unconformity (the ensuing L Mega-sequence boundary); however, where present coals in the Upper 
Juandah remnant host an increasingly oxidized maceral signature and a positive shift in carbon 
isotopes, interpreted by Pacey (2012) to confirm a drying upwards trend.  This observation is 
consistent with the sequence stratigraphic concept of decreasing base-level during early high-stand 
deposition, placing the Upper Juandah coal measures in the HST of the K-sequence.   
Unravelling the extra-basinal controls on sequence development is helpful to understand the nature 
and timing of Jurassic sedimentary cycles in the Surat Basin.  The K-sequence does not align with 
eustatic events and thus sea-level appears not to have been a significant control during Middle Jurassic 
deposition (Bradshaw and Yueng 1990).  Instead, the mega-sequences observed in the Surat Basin 
agree more with the principles of Doust and Summer (2007), who suggested that tectonics is the 
single most influential factor controlling accommodation space and hence sequence development in 
terrestrial basins.  Others subscribing to this tecto-stratigraphic model have suggested the bounding 
Jurassic second-order sequence boundaries K and L reflect periods of significant structural 
realignment associated with the subduction zone to the east (Waschbusch et al. 2009).  Within the K-
sequence, subsidence patterns are useful to understand small-scale tectonic controls and their 
implications for sequence development.  Apatite fission track analysis has revealed that tectonic 
subsidence was generally uniform during WSG deposition; however, began to slow by the Late 
Jurassic (Raza et al. 2009).  These findings agree with tectonic subsidence curves generated from 
back-stripping analysis which further suggest that WSG subsidence rates were linear; an observation 
interpreted to preclude thermal relaxation as the principle mechanism for basin evolution 
(Waschbusch et al. 2009).  Conceptually, a tectonic environment in which accommodation space was 
steadily created over most of WSG time before gradually slowing towards the Late Jurassic fits the 
proposed stratigraphic model suggesting the development of a single sequence over this time.   
Sedimentology 
Deposited during transgressive to highstand conditions in the K mega-sequence, the WSG represents 
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terrestrial sedimentation on a waterlogged alluvial plain, devoid of marine influence (Cameron 1970, 
Exon 1976, Yago 1996, and Martin et al. 2013).  Early work indicated the presence of large, well-
established meandering river systems (Cameron 1970, Exon 1976); however, subsequent outcrop 
studies in the Surat and Clarence-Moreton Basin described variable Walloon channel widths ranging 
from several hundred meters to a few kilometres (Fielding 1993, Yago 1996).  Siliciclastic sediments 
consisting of litharenite sandstones, siltstone, and mudstones are inferred to be sourced from the 
northern Nebine Ridge or Auburn Arch or the eastern New England Fold Belt (Exon 1976).  Common 
ash-fall tuffs and texturally immature volcanogenic sandstones indicate episodic contemporaneous 
volcanism, sourced probably from a volcanic arc to the east (Waschbusch et al. 2009) or perhaps 
from intra-basinal volcanic point sources (Fielding 1993, Yago and Fielding 1996).   
Facies analysis  
A prerequisite for numerical facies modelling is a genetic facies scheme, capable of classifying 
sediments into architectural elements of prescribed geometries and spatial / temporal relationships 
(Miall 1985).    Construction of predictive numerical facies models able to represent alluvial 
architecture necessitates a fulsome understanding of channel planform and other alluvial geometries.  
As Larue and Hovadik (2008) note, the prediction of the extent and shape of sandstone bodies in an 
alluvial sequence depends largely on the ability to identify the type of fluvial setting in which it was 
deposited.   
Despite an abundance of recent data in the Surat Basin, the depositional model for the WSG has not 
been significantly revised since the first detailed investigations by Fielding (1993) and Yago (1996).  
Over the past two decades, a coherent alluvial plain depositional setting has emerged and been tested 
repeatedly (Exon 1976, McLean-Hodgson and Kempton 1981, Fielding 1993, Yago 1996, Martin et 
al. 2013, Boyd et al. 2016).  The first WSG specific facies scheme defined 7 lithofacies deposited in 
three environments including major channel, floodplain and mire environments from outcrop 
exposures in the Rosewood–Walloon coalfield, Clarence-Moreton Basin (Fielding 1993).  Similar 
schemes were developed by Yago (1996) based on study of outcrops present throughout the eastern 
Surat Basin as well as the Clarence –Morton Basin and by Martin et al. (2013) from cored wells 
located along the eastern CSG fairway.  The facies scheme applied throughout this research 
(summarised in ) was compiled from the previous investigations of Fielding (1993), Yago (1996) and 
Martin et al. (2013), which broadly classify WSG sediments into channel, overbank and distal 
floodplain / peat mire environments. 
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Table 1.  Facies classification scheme 
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Channel Environment 
The channel environment consists of sediments deposited within active channels via vertical or lateral 
accretionary processes (Kraus and Middleton 1987).  Channel successions exhibit either blocky or 
fining upwards profiles, usually consisting of thalweg (TH) elements overlain by pointbar (PB) and 
abandonment (AB) (Figure 8).  Basal contacts are sharp and often scour into underlying coal or 
carbonaceous mudstones.  Most channels are single-storied; however, evidence for occasional 
channel superposition is observed from mid-channel breccias and abrupt changes in grain size or 
palaeoflow azimuth (Reesink and Bridge 2011).  Internal scour and reactivation surfaces are 
observed, perhaps indicating seasonal flood events or general flow unsteadiness (Bridge and Leeder 
1979).  The TH member is the most pervasive element and represents traction deposits from migrating 
unit bars or simple migrating dunes to a lesser extent (Bridge and Tye 2000).  TH sandstones are 
predominantly blocky fine to medium-grained units; however minor thalweg mud drapes within 
cross-bedded sandstones can be attributed to flow deceleration in the lee of bar faces causing 
preservation of finer grained material (Bridge 1995).  PB deposits can be recognized as fining 
upwards, moderately inclined and usually heterolithically stratified units overlying TH elements and 
are interpreted to be deposited as the channel migrates laterally (Makey and Bridge 1995).  Channel 
successions typically grade upwards into thin fine-grained units consisting of vertically aggrading 
laminated mudstones or ripple-cross laminated siltstones, indicting waning hydraulic conditions 
during channel abandonment (Collinson 1978).  
 
Figure 8.  Channel facies association identified in drill core from the WSG.  
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Overbank Environment 
The heterolithic overbank succession comprises a variety of sub-environments resultant of periodic 
floodplain inundation.  Overbank successions are characterised by thin, rhythmically bedded 
successions of crevasse splay (CS), levee (LV) and floodplain (FP) elements (Figure 9).  Overall the 
succession is dominated by fine-grained horizontally laminated FP suspension deposits composed of 
siltstone and mudstone.  CS elements and their feeder channels form initially coarsening then fining 
upwards lobate bodies oriented orthogonally to channel thalwegs.  These units can occur as isolated 
thin <0.2m thick units or more commonly stack into meter scale heterolithic amalgamations.  As flow 
breaches channel confines, decreased flow velocity results in the immediate deposition of coarse-
grained material (Bridge 1995).  Rapid deposition results in a transition from proximal climbing 
ripple-cross laminated sandstones to horizontally laminated silt and mudstones suspension deposits 
in the distal splay.  Ripple laminated fine-grained sandstone and siltstone units directly overlying in-
channel sandstones may represent levee deposits (Willis and Bridge 1988).  LV deposits form sinuous 
coarsening upward ridges adjacent to vertically aggrading channel thalwegs.  While volumetrically 
minor, amalgamated LV units may form over time due to repeated flooding events.  Incipient 
palaeosols are observed from the presence of slickensides, carbonate nodules, and rootlets; however 
these units are poorly developed. 
 
Figure 9.  Overbank environment constituent lithofacies identified in drill core from the WSG. 
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Distal Floodplain Environment 
Distal floodplain sediments are dominated by mud or organic rich fabrics composed of laminated 
mudstones, carbonaceous mudstones, coals, and thin tuff beds (Figure 10).  Distal floodplain 
successions vary between 1 – 10 meters thick composed of peat mire (PM) and open lake (OL) 
elements.  PM are composed of massive to banded, dull to bright <0.3 meter thick sub-bituminous 
coal plies interbedded with occasionally rooted carbonaceous mudstones, thin tuffs, or incipient 
palaeosols, evidenced by poorly developed pedogenetic textures, iron mineralisation, and 
slickensides.  Plies may amalgamate into heterolithic seam-groups up to 10 meters thick; however 
individual plies are rarely thicker than 0.4 meters.  Palaeobotanical analysis indicates that peats were 
composed of conifer forest swamps with shallow water and minimal clastic input, indicative of 
arborescent peat forming environments indicating a humid and temperate climate (Gould 1980, Yago 
1996).   
 
Figure 10.  Distal floodplain facies association identified in drill core from the WSG. 
Palaeogeography 
Previous investigations citing multiple and contradicting palaeodrainage orientations for the WSG 
are drawn from mapping (Exon 1976), lithofacies analysis (Sliwa and Esterle 2008, Hamilton et al. 
2014), and outcrop measurements (McKenzie 1979, Yago 1996, and Fielding unpublished) in the 
Surat and Clarence-Moreton Basins (Figure 11).  From isopach mapping, Exon (1976) suggested 
palaeoflow was towards the north and east. Field measurements from outcrops located in the northeast 
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of the Surat Basin near Wandoan recorded westward (Yago 1996) and southward (McKenzie 1979) 
oriented palaeoflows.   Further north near Taroom, field data recorded by Fielding (unpublished but 
referenced in Yago 1996) also suggests a westward oriented system.  In the Clarence-Morton Basin 
the same study documented a predominantly east, west and northwest oriented system, inferring the 
presence of a southerly oriented trunk drainage; however this has yet to be proven (Yago 1996).  
Analysis of numerical litho-facies models was used to identify proximal to distal relationships, 
signifying a south-eastward oriented system (Sliwa and Esterle 2008, Hamilton et al. 2014).  Recent 
borehole image log interpretation has suggested that rivers near the town of Miles (in the northeast 
of the Basin) flowed towards the southwest and southeast (Boyd et al. 2016). 
 
Figure 11.  Synthesis of palaeogeography and palaeodrainage interpretations from Yago (1996), Troop 
(2009) and Boyd et al. 2016.  Modified from Hamilton et al. (2014). 
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The existing palaeogeographic studies are undertaken predominantly based on palaeoflow 
interpretations drawn from outcrop measurements of channelized bedding planes.  These are then 
synthesized on a regional basis to develop basin-wide models of fluvial organisation.  In the Surat 
Basin, outcrop analysis is impeded by the poor quality and spatially restricted nature of most WSG 
exposures.  The inherently high clay content of the WSG’s immature litharenitic sandstones results 
in swelling and rapid weathering of these units, making outcrop measurements difficult.  Furthermore, 
WSG exposures are restricted to the subcrop edge near the east and northeastern margins of the Surat 
Basin or in the Clarence-Morton Basin, resulting in an absence of data from the basin centre.  These 
limitations contribute significantly to uncertainty in defining the palaeogeographic organisation of 
the WSG, specifically with respect to describing regional variations in depositional styles across the 
basin.  
 
THE WALLOON SUBGROUP AS A COAL SEAM GAS RESERVOIR 
Coal seam gas (CSG) or coal bed methane (CBM) refers to the natural gas which forms from and is 
trapped within coal layers.  Coal reservoirs fundamentally differ from conventional gas reservoirs 
with respect to gas storage and flow mechanism, in addition to other CSG specific phenomena (e.g. 
matrix shrinkage).   In the Surat Basin, these differences combined with a high degree of vertical 
heterogeneity, lateral discontinuity and thermal immaturity pose unique challenges to reservoir 
characterization.  The first well to test the CSG potential of the Middle Jurassic WSG member of the 
Injune Creek Group coal seams was drilled by Mosaic Oil in 1995 (Scott et al. 2007).  Since then 
more than 8,000 CSG wells have been drilled in the Surat Basin and this abundance of data has 
provided important insights regarding WSG production behaviours (Wainman and McCabe 2017).  
Recent field and regional scale CSG production studies indicate that the lateral continuity of coal 
layers, gas content and permeability are the most impactful parameters with respect to CSG well 
performance in the WSG (Ryba et al. 2011, Lagendijk and Ryan 2010).  The WSG specific character 
regarding each of these parameters is discussed in greater detail in the following sections. 
Coal seam formation, distribution and lateral continuity 
A significant factor impacting the late stage production behaviour is the volume of coal connected to 
a well, which relates to the spatial distribution and lateral continuity of coal layers (Lagendijk and 
Ryan 2010).  Most CSG producing areas, such as the Powder River Basin, exploit laterally continuous 
(tens of km) and relatively thick (up to 50 m) coal layers (Ambrose and Ayers 1990).  Few but thick 
coal seams allow for CSG development via horizontal wells or seam-in-seam production patterns.  In 
contrast, individual WSG coal seams are most commonly thin (<0.3 m) and laterally discontinuous, 
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owing to frequent interactions with adjacent alluvial architectural elements; however some seam 
groups (e.g. the Macalister interval) are several meters thick and can be correlated over kilometre in 
places.  In the Surat Basin, multiple thin seams are usually produced comingled from vertical wells.   
The thinly bedded, heterolithic and laterally discontinuous nature of the WSG coal measures 
precludes most other basins as being useful depositional analogues for the Surat Basin.  Instead, WSG 
specific models for the architecture of WSG coal layers have been developed from closely spaced 
mining bores (McKenzie 1979, Leblang et al. 1981), outcrop mapping (Exon 1976, Fielding 1993, 
Yago and Fielding 1996, Yago 1996) and newly available CSG well and core datasets (Hamilton et 
al. 2014, Martin et al. 2013).  Leblang et al. (1981) studied mining boreholes near Wandoan, in the 
northeast of the Surat Basin whereas Fielding (1993) studied Walloon Subgroup outcrops in the 
Rosewood-Walloon Coalfield (Clarence-Morton Basin).  The most comprehensive outcrop study to 
date, (Yago 1996) measured exposures in the Clarence-Morton Basin and in the eastern Surat Basin.  
While insightful, these studies suffer from the restricted availability of mine data and the inherently 
poor quality of WSG outcrops.   
 
Figure 12.  The Austinvale (Upper Juandah) coal deposit near Wandoan.  Frequent interaction between clastic 
and peat-forming environments results in a complex and lenticular succession containing areas of coal seam 
bifurcation, amalgamation and washout. (Leblang et al. 1981).  
Interpretations from these previous studies demonstrate that the WSG contains complex structures 
including coal seam amalgamation, bifurcation and washout, resultant of frequent interactions 
between fluviatile and peat forming environments (Figure 12).  Coal seam bifurcation occurs when 
a coal seam is observed to split laterally into two or more individual coal layers separated by inorganic 
sediments.  In alluvial settings, splitting occurs when peat development is interrupted due to the 
incursion of floodplain or crevasse splay elements into a mire (Taylor et al. 1998).  Areas of high-
frequency seam splitting have also been associated with the presence of growth faults (Weisenfluh 
and Ferm 1991).  Thickness variations in coals are commonly observed with the presence of localised 
52 
depo-centers, which can form due to a variety of geological conditions.  In restricted locations, 
amalgamated coals may form in areas of increased subsidence or due to sustained peat production on 
a stable platform (which formed due to tectonic or differential compaction related processes).  
Channel washouts are areas where coal has been entirely or partially removed due to channel incision.  
These areas often form sharp edged, elongate patterns of eroded coal (Thomas 2013). 
Mire type (i.e. raised vs. low-lying) has been shown to be a key control upon the geometry and 
character of coal seams in many environments (McCabe and Shanley 1992).  Recognizing this, Martin 
et al. (2013) differentiated two classes of coals from WSG core and related these to mire type and 
location.  Thick and homogeneous coals (class I) were inferred to have formed in distal or raised 
positions on the alluvial plain where they were somewhat protected.  Most likely these were forested 
swamps located in interfluvial areas (Martin et al. 2013).  In contrast, thinly bedded heterolithic coal, 
mudstones, and palaeosol cycles (class II) are interpreted to represent lacustrine or drowned mire 
environments (Figure 13).  This scheme provides a cursory mechanism by which to screen coals into 
continuous (class I) and less continuous (class II) groups; however, has yet to establish a direct link 
between observed coal type and coal body lateral continuity.   
 
Figure 13.  Class I coal represent thick mire development; class II coals are thin and heterolithic and record 
final stages of peat mire drowning (Martin et al. 2013) 
In paralic environments, accommodation space is related to changes in baselevel resulting from the 
interplay between eustacy, sedimentation and subsidence (Catuneanu et al. 2011).  With respect to 
peat formation, the concept of accommodation is more closely related to the depth of the water table, 
as peat preservation requires rapid immersion in anoxic conditions (McCabe and Parish 1992).  
Preservation of peat accumulations requires the water table to be in equilibrium with the rate of peat 
accumulation for sustained periods (Wadsworth et al. 2002).  During deposition of the WSG, the 
Surat Basin was located at high latitudes (perhaps >75oS), in an environment in which analogous 
temperate forested peatlands typically accumulate peat at rates of less than 0.05 mm per year 
(Wainman et al. 2015).  If the rate of peat accumulation exceeds the rate of water table rise, the mire 
becomes exposed resulting in oxidation and erosion of organic material.  In contrast, should the rate 
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of water table rise outpace the rate of peat production, the mire becomes drowned and lacustrine 
mudstones replace organic facies (Davies et al. 2006).    The rate of water table rise is related to 
eustacy (in paralic settings), climatic factors (e.g. regional precipitation) and the rate of subsidence, 
which includes tectonic related subsidence, differential compaction and peat auto-compaction (Hunt 
1989).  
Taylor et al. (1998) suggest two additional conditions required for the formation of thick peat 
deposits, namely a mechanism to prevent mire inundation from fluvial floodwaters (in alluvial 
settings) and physiographic separation to protect the mire from incursion of fluviatile sediments.  
These conditions are met in multiple depositional settings ranging from alluvial to paralic settings, 
such as estuaries or coastal plains (Diessel 1992).   Environment of deposition has been shown to be 
a key influence upon a coal body’s geometry, orientation, continuity and thickness (Flores 1993).  For 
example, coal seams deposited in coastal plain environments typically have larger areal extents as 
compared to the laterally restricted coal seams common to upper delta plains (Howell and Ferm 1980).   
In addition to the geological setting, the geometry and occurrence of peat mires are controlled by 
variety of geological processes which can be broadly categorized into internal (autocyclic) processes 
and external (allocyclic) controls (Pashin 1998).  Distinguishing the relative impact of external 
controls from intrinsic depositional processes is challenging, but can lead to an improved 
understanding of the geological system (Petter et al. 2014).  Weisenfluh and Ferm (1991) contrast 
allocyclic versus autocyclic influences in Figure 14.  The allocyclic stacked model (Figure 14b) 
invokes syn-depositional displacement along a normal fault to create local depocenters which are 
typically filled by fluvial sediments, leaving the up-dip sections of the footwall with less clastic influx 
and hence more likely to develop peat mires.  By comparison, in the offset model (Figure 14a) 
structurally high areas (more likely to develop thick peats) are developed via the compensational 
stacking of compressible peats adjacent to comparatively incompressible channel sandstones. 
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Figure 14.  Comparison of allocyclic controls and autocyclic processes in peat formation.  (a) Offset model:  
coals form via compensational stacking.  High rates of compaction in peats form local depo-centers into which 
channels are more likely to avulse.  Buried channels compact less thus are topographically high, favorable for 
the development of peat mires. (b) Stacking model:  coals form on the up thrown side (footwall) of a normal 
fault.  Coal thickness rapidly decreases across the fault while slowly decreases within a fault block towards the 
hanging wall (Weisenfluh and Ferm 1991).   
Allocyclic controls 
Allocyclic controls include external forcings such as shifts in eustatic, tectonic, or climatic boundary 
conditions (Trampush et al. 2017).  In interior basins such as the Surat Basin, located perhaps 300 
km inland during deposition of the WSG (Bradshaw and Yeung 1992), sedimentary cycles appear to 
be largely decoupled from global eustatic variations.  Yago (1996) suggests that most of the external 
influences upon the WSG section can be attributed to variations in either subsidence or sediment 
supply.  Despite an absence of eustatic control, tectonically driven changes in accommodation space 
may still influence the organisation of the WSG coal seams.  As such, terrestrial sequence 
stratigraphic models are useful in predicting the geometry and occurrence of coals based on 
transgressive or regressive packages (Bohacs and Suter 1997).  Regressive coals form as peat 
production outpaces rises in the water table (drying upwards) and may be subject to subareal exposure 
and erosion, whereas transgressive coals form when the water table rises faster than peat production 
and may result in mire drowning and the end of peat production (Davies et al. 2006).  These 
relationships are observed within the WSG coals as increasing lignite content in the Upper Juandah 
coal measures suggests a drying upwards trend, correlative with decreasing accommodation space at 
the end of the highstand systems tract (Pacey 2012).  Upper Juandah coals are observed to be thicker 
and perhaps more laterally continuous than other WSG coal layers (Martin et al. 2013), an observation 
some authors have attributed to the presence of increasingly stable fluvial systems during deposition 
of the Upper Juandah (Hamilton et al. 2014). 
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On a smaller scale, localised tectonics may be a driver of WSG sedimentary cyclicity.  Tectonism, 
including syn-depositional fault displacement, has been shown to produce channel clusters adjacent 
to active fault scarps (Alexander and Leeder 1987).  Wainman and McCabe (2017) cite similar 
evidence for syn-depositional control by the Burunga-Leichhardt fault system during deposition of 
the WSG.  In this case, rejuvenation of deep-seated faults are interpreted to influence the local 
palaeogeography of the WSG depositional system.  Channel clustering may also have an autogenetic 
origin owing to small avulsions or remnant channels which guide minor channels back towards a 
central path (Wang et al. 2011). 
Climatic controls may have also influenced the depositional character of WSG coals.  WSG peats are 
inferred to have accumulated in a temperate and humid, high latitude environment (Veevers et al. 
1991).  In this setting, annual temperatures are inferred to range from -22 to 10oC with precipitation 
exceeding 1000 mm / year (Wainman et al. 2015).  Biostratigraphic studies confirm the ecological 
model consistent with this climate of deposition likely contained temperate forested swamps 
interspersed with areas dominated by herbaceous plants (Martin et al. 2013).  The same 
biostratigraphic study proposes a preliminary link between ecological subenvironment and coal seam 
continuity; however, this model requires further investigation.  Climatic variations may have occurred 
during deposition of the WSG and resulted in systematic changes to the character and occurrence of 
coal seams; however, these models also require further study before a causal link between climatic 
and sedimentological cyclicity can be established (Martin et al. 2013).   
Autocyclic processes 
Autocyclic processes are those which are internal to the system, i.e. channel avulsion or delta lobe 
switching.  During the Jurassic, the Surat Basin was relatively tectonically quiescent, spatially 
insulated from eustatic fluctuations and contains little evidence of significant climatic variations.  In 
the absence of these strong external forcings, internal processes are inferred to be a principal control 
upon the organisation of the WSG depositional system (McKenzie 1979, Leblang et al. 1981).  
Intrinsic, self-organising patterns of sedimentation are often driven by compensational-stacking.  In 
a fluvial context, compensation refers to a river system’s tendency to exploit topographic lows, 
responding to nature’s preference for minimizing the potential energy associated with elevation 
(Mutti and Normark 1987, Straub et al. 2009).  In alluvial environments, abrupt facies boundaries 
result in the juxtaposition of sediments with markedly differing compressibility.  Peat to bituminous 
coal compression ratios can exceed 10:1 while unconsolidated sand to sandstone ratios are commonly 
less than 2:1 (Ryer and Langer 1980).  These large differences can result in differential compaction 
driven topographic variations becoming expressed on the surface of an otherwise flat alluvial plain.  
Topography differences may then be exploited by both fluvial and peat forming sub-environments. 
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The process of compensational stacking is most commonly invoked to explain the organisation of 
flow-deposits (e.g. lobes or channels) (e.g., Staub et al. 2009).  The location of peat mires, although 
not flow-events, may also be influenced by the mechanics of compensational stacking.  In peat 
forming environments, differential compaction induced topographic variations may be exploited by 
peat mires, as these elevated areas provide protection from both flood water inundation and incursion 
of fluviatile clastic materials.  These are conditions described by Taylor (1998) to be critical to the 
formation of thick peats and are also cited in Weisenfluh and Ferm’s (1991) offset model (Figure 
14).  In this model, high rates of compaction in buried peats form local depo-centers into which 
channels preferentially avulse.  Conversely, abandoned channels compact comparatively less and 
form protected topographic highs, favorable for the development of peat mires (Figure 14).  In these 
elevated areas paludification can occur if rates of subsidence or precipitation allow for a slowly rising 
groundwater table.  Because peat is somewhat impermeable, a perched groundwater table may form 
if precipitation exceeds evaporation (Moore 1997).  This condition may lead to the formation of a 
raised or ombrotrophic mire (Figure 15), fed by rainwater (Diessel 1992).  Due to their protection 
from flood inundation and clastic incursion these mires can accumulate thick peats with low inorganic 
mineral content (McCabe 1984).  
 
 
Figure 15.  Schematic of a raised (ombrotrophic) swamp (McCabe 1984).  Dashed lines indicate organic 
fabrics, dots indicate clastic substrate.  
Studies using closely-spaced (<200 m) mining bore data near Wandoan indicate that compensational 
stacking and frequent clastic interactions with peat forming environments are at least partly 
responsible for the complex architecture of the Juandah section (Leblang et al. 1981).  In this context, 
the offset model of coal seam amalgamation appears well suited to the WSG; however, it is observed 
that deposition of thick coal seams is not restricted to areas overlying channels.  Other factors 
including higher water tables in the adjacent floodplain and the presence of stable interfluvial areas 
may also result in thick coal seam development away from or between distributary channels axes 
(Ambrose and Ayers 1990).  Over time, these inter-distributary peat mires may contribute to the 
stabilisation of a river system, leading to a decrease in channel avulsion rates (Figure 16).  Swamps 
which form in low lying areas of an alluvial plain, adjacent to active clastic environments are typically 
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topogenous mires, defined as those which are fed by surface or groundwater (Diessel 1992).  Peat in 
these areas commonly contains higher ash content than raised mires and accumulate only if the rates 
of water table rise and peat production are in equilibrium (Thomas 2013).  Given the slow rates of 
temperate peat production (<0.05 mm/year) and assuming a 10:1 compaction ratio, the development 
of a one meter thick bituminous coal may require these rates to be in balance for up to one hundred 
thousand years.  This long duration may explain the thin and heterolithic character typical of many 
WSG coal seams (Wainman and McCabe 2017). 
 
Figure 16.  Schematic of an inter-fluvial mire stabilising an active fluvial system, resulting in channel 
amalgamation (McCabe 1984).   
In general, individual WSG coal seams are thin and laterally discontinuous.  The WSG section can 
contain up to 50 m of total coal in places, organized in a complex stratigraphic architecture. At 
present, an incomplete understanding of the controls upon the WSG’s deposition combined with its 
inherent complexity contribute significantly to uncertainty in distributing facies in reservoir models.   
Gas Content  
The content, saturation and composition of gas associated with WSG coals has been well studied by 
Scott et al. (2004 and 2007), Draper and Boreham (2006), Ryan et al. (2012) and Hamilton et al. 
(2012).  Gas content is described by Scott et al. (2004) as a critical factor controlling CSG production 
in the Surat Basin; however, one which is difficult to evaluate due to high variability both laterally 
within seams and stratigraphically, from one seam to another.  Isotopic analysis has elucidated the 
origins of Surat gas (Hamilton et al. 2012), while compositional studies have recognized the 
significance of structural and stratigraphic controls upon gas migration (Hamilton et al. 2014).  Unlike 
conventional natural gas reservoirs, most of coal bed methane gas is adsorbed as a monomolecular 
layer onto the coal surface (Levine 1993).  The gas storage capacity of a coal seam at a specified 
temperature varies as a function of pressure in a non-linear fashion as described by various numerical 
models, the most well-known being that of Langmuir (1916).  The shape of the Langmuir isotherm 
58 
curve can be described by the Langmuir properties, namely the Langmuir pressure (PL) and the 
Langmuir volume (VL).  The Langmuir volume is the gas content of a unit volume of coal when all 
the adsorption sites are occupied, hence it denotes the adsorption capacity of a coal at a stated 
temperature and pressure.  The Langmuir pressure is the pressure at which the gas content is 50% of 
the Langmuir volume, describing the rate at which gas is liberated or adsorbed in response to changes 
in pressure.   
  
𝑉(𝑝) =
𝑉𝐿𝑃
𝑃𝐿 + 𝑃
 
Where: 
P = Pressure 
V(p) = gas content at a given pressure (scf / ton) 
VL = Langmuir volume (scf /ton) 
PL = Langmuir pressure 
The quantity of gas contained within a coal can be linked to the theoretical adsorptive capacity of the 
coal matrix (controlled by the Langmuir properties) and the saturation of a coal seam.  Published core 
analysis data suggests that gas content in the Walloon Subgroup varies widely, however averages 
around 5.33 m3/t (Scott et al. 2007).  In other basins, the Langmuir properties and coal gas content 
have been found to be most strongly controlled by coal rank and maceral distribution (Pashin 2010, 
Moore 2012).  In contrast, the Taroom Coal Measures were observed to have lower gas content and 
absorptive capacity than Juandah coals, despite having similar maceral properties, higher thermal 
maturity and being stratigraphically deeper (Scott et al. 2007).  These confounding relationships 
demonstrate that gas trends in the WSG do not appear to strongly correlate with rank or maceral 
content.  This is confirmed by multiple other studies which also refute a simple relationship between 
Walloon Subgroup gas content and expected controlling factors such as coal rank, type or depth (Scott 
et al. 2004, Scott et al. 2007, Ryan et al. 2012, Hamilton et al. 2012).  Thus, while extensively studied, 
the controls upon gas content trends in the WSG remain somewhat unclear.  Hamilton et al. (2012) 
describes multiple WSG gas content versus depth trends, including a dominant trend which first 
increases with depth through the Juandah Coal Measures then decreasing through the underlying 
Taroom Coal Measures.  This complexity suggests that multiple parameters interact to control how 
gas is distributed throughout WSG coal seams, including the possibility that shallower coals are 
biogenetically recharged.    
The quantity of gas commercially recoverable from a coal can be estimated as the difference between 
59 
the adsorbed gas content at the critical desorption pressure and the abandonment pressure.  As such, 
gas saturation (described as the quantity of gas contained within coal divided by the theoretical 
maximum at a given temperature and pressure) plays a key role in estimating the economic 
recoverable gas volume.  Coal which contains the maximum amount of gas for a particular 
temperature and pressure (as predicted by an isotherm model) is said to be saturated.  If the gas content 
is less than the theoretical maximum it is under-saturated.  The saturation of a coal seam is strongly 
related to its burial (tectonic) history and the basin’s hydrodynamics (Cui and Bustin 2006).  Surat 
Basin coals are typically under-saturated, a condition which may be attributed to either uplift and 
reburial or leakage through permeable stratigraphic units.  A structural contraction during the 
Cretaceous caused up to 1.9 km of Mesozoic section to be uplift and exhumed (Raza et al. 2009).  If 
a coal is uplifted and the reservoir pressure decreases below the critical desorption pressure, gas is 
liberated from the coal matrix.  Once free gas is present in the cleat system it can migrate out of the 
coal bed via the fracture network, where it is lost to the system.  If the same reservoir were to become 
subsequently reburied and repressurized the adsorptive capacity of the coal will increase, however 
the gas lost from the system is not quickly replaced and thus the gas content of the reburied coal is 
less than the theoretical maximum.  Coal in this condition is under saturated.  Alternatively, 
desaturation may have occurred due to gas leakage through aquifer units such as the Tangalooma 
Sandstone or the overlying Springbok Sandstone (Hamilton et al. 2012). 
Thermogenic gas content generally increases with coal maturity, with higher rank coals typically 
having more potential for gas storage (Moore 2012).  For significant thermogenic gas generation coals 
must mature to a vitrinite reflectance (Ro) of approximately 0.8%, corresponding to a rank of at least 
high volatile bituminous.  Given their thermal immaturity (vitrinite reflectance 0.35 – 0.64% Ro), 
most of the gas generated by WSG coals is inferred to be of a biogenic origin (Draper and Boreham 
2006).   This is confirmed by carbon isotope data which corroborates that microbial methanogensis 
is the dominant methanogenic pathway in WSG coals (Hamilton et al. 2012).  Biogenic gas forms as 
the result of the metabolic processes of organisms introduced to the coal through meteoric 
groundwater influx and migration.  While analysis indicates that WSG gas is predominantly of a 
biogenic origin via carbon reduction, minor amounts of early thermogenic “wet” gas may also be 
present (Hamilton et al. 2012). 
Given the predominantly biogenic origin of WSG gas, stratigraphic features (e.g. the Tangalooma 
Sandstone) or structural traps (e.g. the Undulla Nose anticline) appear to influence the migration and 
trapping of WSG gas (Ryan et al. 2012).  This idea is supported by Scott et al. (2007) who observed 
that WSG gas content tends to increase in the presence of conventional or hydrodynamic traps and 
may decrease in areas where no trapping mechanism exists, including anticlines breached by large 
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faults.  High thermogenic gas concentrations adjacent to tectonic features have been hypothesised to 
be resultant of vertical migration of underlying Bowen Basin gas through faults or other conduits 
(Ryan et al. 2012). 
In summary, unlike most other CSG producing basins clear associations between the gas 
characteristics of WSG coals and conventional controlling factors such as coal rank and type are not 
observed.  Instead, complex relationships relating stratigraphic, tectonic and hydrogeologic controls 
appear to more significantly influence gas content distribution.  This complexity contributes 
significantly to heterogeneity in CSG well performance at regional and local scales.   
Permeability 
Similar to conventional gas fields, permeability is central to controlling the deliverability of CSG 
wells (Ryba et al. 2011).   In CSG fields, reservoir scale permeability is achieved predominantly via 
a network of endogenetic (internally forming) and exogenetic (externally influenced) fractures termed 
cleats (Cui and Bustin 2005).  Given the low permeability typical of WSG lithic sandstones, the 
drainage area of a CSG well is assumed to be restricted to the connected coal volume (Martin et al. 
2013).  As reservoir pressure is reduced below the critical desorption pressure, gas diffuses into the 
cleat network where it will flow in a manner described by Darcy’s Law.    The permeability of 
fractures cannot be reliably measured in the lab and instead field based pressure transient analysis 
(e.g. build-up, fall-off test) is required to estimate the aggregate permeability of the reservoir (Liu et 
al. 2011).  In most high rank coals (e.g. Bowen Basin), a well-developed cleat system suggests the 
presence of a strongly anisotropic permeability network.  Lower rank subbituminous coals, such as 
those of the WSG, typically contain poorly developed cleats which may reduce aggregate reservoir 
permeability (Moore 2012).  In the WSG, a poorly developed endogenetic cleat system is 
compensated for by relatively shallow reservoir depths (300 – 800 m), high vitrinite content (~80%) 
and exogenetic fracture enhancement due to neotectonism (Ryan et al. 2012).   
WSG permeability is observed to be highly variable but generally are controlled by coal type, coal 
maturity and depth (Alfonso 2014).  Coals can be classified based on their macroscopic distribution 
of lithotypes or their microscopic distribution of macerals.  Macerals are defined as the smallest 
distinguishable coal forming particles observable under a microscope.  Three main groups exist, each 
with unique chemical and physical properties owing to their origins in differing plant materials.  
Vitrinite is sourced from lignins and cellulose which generally composes the woody parts of a plant, 
liptinite originates from the reproductive parts of a plant such as spores and pollen or waxy and oily 
components such as cuticles and inertinite is oxidized plant material (O'Keefe et al. 2013).  Vitrinite 
is the maceral group most conducive to forming fractures in a coal ply, while increased inertinite 
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appears to reduce the capacity of a coal to form cleats (Close 1993).  Coals within the WSG have a 
perhydrous composition, composed predominantly of vitrinite content (average 78%) with lesser 
amounts of liptinite (19%) and minor amounts of intertinite (Scott et al. 2007).  Maceral composition 
is found to vary stratigraphically with upper Juandah coal seam groups containing higher inertinite 
concentrations than other WSG coals (Pacey 2012).  This observation has been attributed to 
increasingly dry and stable conditions during deposition of Upper Juandah coal seams and may 
contribute to poorer fracture development in these coals (Scott et al. 2007).  Published drill-stem test 
results suggest that the Lower Juandah Coal Measures are more permeable (10-100 mD) than either 
of the Taroom or Upper Juandah Coal Measures (Ryan et al. 2012).   
Coal rank, a function of thermal maturity, strongly influences fracture abundance.  Fracture spacing 
typically decreases as coal matures from lignite to bituminous coals, such as those found within the 
WSG (Ting 1977).   Endogenetic fractures (termed cleats) form during the coalification process due 
to matrix shrinkage resulting from the expulsion of water and volatiles. As such, these fracture 
families also show a strong positive correlation with depth as rank typically increases with increased 
burial depth.  Despite increased fracture occurrence with higher rank coals, Cui and Bustin (2005) 
have demonstrated that permeability decreases with increasing confining pressure and as such despite 
increased fracture development, there is usually a reduction in permeability with depth.  This is 
attributed to smaller fracture apertures with higher confining pressure, as the confining pressure 
increases the fractures tend to close thereby reducing their effective permeability.  In the Surat Basin, 
this may preclude much of the basin center coal near the Mimosa syncline (>800 m burial depth) from 
being productive.   
Exogenetic fractures form via tectonic stress or due to differential compaction of sediments.  In many 
CSG fields the influence of tectonic features may overprint the endogenetic fracture sets (Palmer and 
Mansoori 1996).  Pattison et al. (1996) observed that in the Permian coals of the Bowen Basin the 
fracture systems form in a variety of orientations, related to both the coalification processes as well 
as in response to later stage tectonic deformation.  Most significantly they drew correlations between 
various tectonic features and their ability to invoke fractures, thus demonstrating a link between 
tectonic history and enhanced CSG production.  This relationship is also observed in DST data from 
CSG fields located on the Undulla nose, a tectonic structure described by Scott et al. (2007) as an 
area of anomalously high permeability.  The Undulla nose is a NNE - SSW trending anticline present 
along the eastern margin of the Surat Basin where flexure of beds across the anticline as the structure 
formed resulted in an abundance of open fractures.  Typical CSG reservoir permeabilities in the Surat 
Basin vary between 0.1 and 10 mD; however, within this area permeability can exceed 1,000 mD 
(Ryan et al. 2012).   
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The occurrence of fractures generally has a positive correlation with field scale permeability; 
however, this relationship may be further complicated by several over-printing factors.   The present-
day stress regime impacts CSG permeability by controlling which sets of fractures are likely to remain 
open (and hence contribute to permeability) and which sets will be stressed closed.  Localised stresses 
in an Alabama CSG field were found to result in fractures that were propped open on one side of a 
fault and stressed closed on the other, significantly impacting the CSG performance (Zuber 1992).  
The stress fields present during the formation of the coals are also important.  The min / max stress 
directions at the time of coalification control the orientation of cleats and can be used to predict the 
directions of anisotropy within the permeability field.  The first fracture set to develop are termed 
face cleats, which are relatively continuous and oriented parallel to the maximum compressive stress 
direction (Laubach and Tremain 1991).  Subordinate orthogonally oriented butt cleats form later and 
tend to terminate at each intersecting face cleat.  Due to their increased continuity, face cleats have a 
larger contribution to the permeability system than butt cleats.  In the San Juan Basin, face cleats are 
shown to be roughly 3 times more permeable than butt cleats (Massarotto 2002).  As a final 
complicating factor, mineralization has been observed to reduce the permeability of the fracture 
system.  Carbonate minerals readily precipitate from groundwater, healing the once open fractures 
and thus removing any permeability which the fracture set may have once contributed (Anderson 
2003).   
  
RESERVOIR MODELLING 
Modelling is central to many scientific endeavours.  The construction of models provides important 
insights into a system and allows for the prediction of future behaviours under certain conditions 
(Tipper 2010).  Reservoir models are tools used to represent the three-dimensional distribution of 
subsurface parameters (Falivene et al. 2007).  Once constructed, these models can be interrogated to 
forecast production behaviours in response to certain conditions or predict the distribution of 
subsurface properties away from known data points.  As such, models are an important tool in field 
development planning and economic analysis (Matheron et al. 1987).  Successful exploitation of 
Queensland's vast CSG resource will require efficient reservoir management decisions drawn from 
the predictions of good numerical reservoir models.  Reservoir models are versatile and often fit-for-
purpose; however, in some form always consist of linkages of interrelated subsurface parameters 
representing rock and fluid properties.  The facies model is a fundamental element of this hierarchy, 
serving as a foundation which directly or indirectly controls the population of all other reservoir 
variables.  Facies models provide a representation of palaeogeography, a factor which exerts 
significant control upon coal seam thickness, continuity, orientation, geometry and distribution 
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(McCabe 1984, McCabe 1987, McCabe 1991, McCabe and Parrish 1992 and McCabe and Shanley 
1992, Flores 1993).  Within a WSG reservoir model, the facies property is a categorical variable 
representing sub-environments such as channels, crevasse splays, peat mires or floodplain.  The 
facies property subsequently conditions the population of rock types including the distribution and 
lateral continuity of coal lithologies, thereby influencing the volume of coal present within a model 
area and the flow pathways which may exist within or between reservoirs.  Simulation studies in the 
WSG have demonstrated that the volume of net coal and coal connectivity are significant controls 
upon the predictive capability of CSG reservoir models (Lagendijk and Ryan 2010).   
Since the proliferation of geological computer modelling in the 1990’s, a standard methodology 
followed by most industry practitioners when constructing CSG reservoir models has emerged and 
is well documented (Zhang et al. 2014, Martin and Morris 2015, Erriah et al. 2015, Zhou et al. 2016).  
In the typical workflow, a structural framework is constructed first, following which properties are 
populated inside this container (Zhang et al. 2014).  In some CSG reservoir models, coal layers are 
deterministically populated using well-to-well correlations of coal plies and other stratigraphic 
markers (Erriah et al. 2015).  In this case palaeogeography is often not modelled explicitly, instead 
deterministic stratigraphic correlations are relied upon to differentiate organic from clastic 
environments. Seismic, analogue and outcrop datasets may be used to supplement the structural 
framework; however, due to limited availability in most areas within the Surat Basin, structural model 
inputs are largely drawn from well data (Martin and Morris 2015).  Once a structural framework is 
established lithology and property models are populated inside.  Lithology definition is undertaken 
at the wells using core calibrated wireline logs.  Rock and fluid property distributions are filtered by 
zone and are then subsequently populated conditioned to the lithology model (Robinson et al. 2008).  
Both lithology and property models are populated using geostatistical algorithms which interpolate 
data between wells.  Lithotypes (e.g. low ash coal, high ash coal, carbonaceous mudstone, mudstone, 
or tuff) are populated conditioned to facies to represent varying degrees of reservoir (coal) quality.  
Petrophysical properties such as gas content or permeability are often found to have unique 
distributions according to lithology and as such are modelled independently, conditioned to lithotype. 
Facies Models 
Facies models consist of categorical variables representing sub-environments of deposition, which in 
the WSG include channel, crevasse splay, peat mire and floodplain (Yago 1996).  Geological 
properties are not randomly distributed throughout the subsurface, but instead tend to strongly 
correlate to the sub-environments in which they were deposited (Flores 2003).  As such, implicit in 
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the facies definition is the understanding that each facies will contain unique distributions of rock 
types and properties, and for this reason each facies is usually modelled independently.  Facies 
models have two key uses within the reservoir model: 1) definition of the distribution, geometry, 
orientation and spatial relationships of geological bodies and 2) the provision of classes in which 
stationarity can be imposed.  Stationarity implies that the model area has uniform geostatistical 
properties.  First order stationarity assumes that the mean and variance of a variable does not change 
across the modelled area, while second order stationarity implies that the covariance between 
variables is also constant (Boisvert et al. 2007).  This assumption of stationarity seldom if ever holds 
true for geological systems.  Geological trends (e.g. proximal to distal) result in non-stationary 
datasets; however, facies models can be used to discretize data such that the mean and variance are 
constant within the smaller region of a facies body.   
Construction of representative facies models requires algorithms, workflows, or routines capable of 
reproducing depositional architectures in numerical models.  Many approaches to facies modelling 
have been applied to CSG reservoirs and can be generalised into three broad categories: 1) 
deterministic approaches which populated facies based on manual interpolation of data, 2) 
geostatistical approaches which honour statistical distributions and predefined spatial or temporal 
relationships or 3) stratigraphic forward modelling methods which populate facies using numerical 
rules intended to approximate geological processes.   
Deterministic modelling 
Deterministic approaches are commonly applied to CSG reservoir models and involve the manual 
correlation of facies between neighboring wells (Zhang et al. 2014).  In this approach, environment 
of deposition facies are delineated in well bores based on core calibrated wireline log motifs.   Once 
identified in the wells, the similarity in wireline motif, thickness and stratigraphic position are 
considered to determine equivalent genetic units in offset wells.  In some deterministic CSG models 
the population of interburden facies is often negated, and instead the model consists exclusively of 
manually correlated coal seam-groups.    Alternatively, facies relationships can be defined from hand 
drawn or conceptualized palaeogeography maps.  Deterministic methods are easily applied; however, 
are likely subjective when applied to the WSG due to the high degree of ambiguity inter-well 
correlations are observed to carry even at close well spacing (Leblang et al. 1981).  This factor may 
contribute significantly to uncertainty in model outcomes. 
Geostatistical Techniques 
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Geostatistical tools and algorithms are now embedded in most reservoir modelling softwares allowing 
for the creation of stochastic facies realisations quickly and with relative ease.  These approaches are 
diverse, but typically use predefined input distributions and spatial relationships derived from 
analogues or empirical datasets to guide facies population.  Geostatistical methodologies can be 
broadly subdivided into those which are object based and those which are pixel based.  Object based 
techniques such as Marked Point Modelling populate physical entities of predefined shapes and sizes 
to represent geologically meaningful depositional sub-environments such as channels (Lia et al. 
1996).  In this approach, geological elements are iteratively placed into a grid composed mostly of a 
background facies such as floodplain or offshore mudstones.  Elements can be conditioned by well 
data and rules such as the depositional hierarchy, proximity to each other or erosional relationships 
(Viseur 1999).  Placements are accepted or rejected based on whether they violate observed data 
points (observed at the wells), hence run times may be extensive depending on the number of 
elements populated and the size of the model (Holden et al. 1998).  Facies realisations are often 
realistic; however, model outcomes may be over idealised reflecting conceptual environments of 
deposition rather than the preserved rock record.  In addition, object facies models often struggle to 
condition dense datasets or soft constraints such as seismic trends (Strebelle and Levy 2008).  Pixel 
based methodologies can be further subdivided based upon which statistical model is applied to 
calculate the spatial probability fields used to create stochastic realisations of the subsurface.  
Generally, these can be classified into two point geostatistical techniques or multi-point geostatistical 
techniques.   
Two point statistical methods imply the use of variogram based geostatistical techniques to populate 
facies.  Variogram models which describe the decay of correlation with offset, are used commonly 
in geostatistical methods such as indicator kriging or sequential indicator simulation (Journel 2002).  
Variograms 2y(h) or semivariograms 𝛾(ℎ) are used to express the covariance between two data points 
𝑧(𝑥) and 𝑧( 𝑥 + ℎ) separated by a known offset (Deutsch and Journel 1998).  Autocorrelation of a 
variable can be then used to estimate a range of variable values as a function of offset from observed 
data points.  The variogram equation expresses how the covariance of a variable y(h) changes as a 
function of offset (h) 
𝛾(ℎ) =  
Σ[𝑧(𝑥) − 𝑧( 𝑥 + ℎ)]2
2𝑛
 
Variograms are a powerful tool to capture spatial anisotropy; however, a key limitation of the 
semivariogram model is that it is restricted to expressing a linear relationship between data points 
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(Boisvert et al. 2007).  Often geological phenomena organise into complex curvilinear facies 
geometries which cannot be adequately captured with two-point statistics.  Practitioners have 
recognized that facies models generated via two-point statistics do not usually capture the geological 
complexity observed in many natural systems.  Often facies realisations appear patchy or 
unstructured, a condition especially prevalent in the absence of secondary data such as seismic or 2D 
trends (Deutsch 2006).  For this reason, multi-point statistical methods have grown increasingly 
popular over the past decade (Caers 2003).  
Multi-point statistics (MPS) refer to statistics calculated from greater than two-points.  This 
methodology was developed to reproduce more complex geological structures than can be rendered 
using traditional two-point statistics and without the use of idealised objects.  In MPS the linear 
variogram model is replaced by a search mask which explores a pre-selected training image (TI) to 
describe higher order statistics (Silva and Deutsch 2014).  Facies relationships within the TI are used 
to populate a multiple point histogram which records the frequency by which a multiple point 
configuration occurs (Boisvert et al. 2007).  Numerous techniques for the population of multipoint 
statistics exist; however, the most common algorithm SNESIM applies Bayes Theorem to calculate 
conditional probabilities P(A│ B) at unknown locations (Strebelle 2000, Boisvert et al. 2007). 
𝑃(𝐴│𝐵) =  
P(A ⊓ B)
𝑃(𝐵)
 
Training images are models of the subsurface describing geological variability in three-dimensions.  
The quality of a MPS outcome relies upon the TI used to be representative of the environment being 
modelled.  TI’s can be generated from real subsurface data or conceptualized from interpretations, 
geological knowledge or analogues such as aerial photos.  Given the uncertainty inherent to 
geological datasets, selection of an appropriate training image is a critical yet often subjective 
decision.  Thus, while MPS succeeds in reproducing the complex spatial relationships inherent to 
many geological systems, model outcomes remain subjective based upon which TI was selected 
(Boisvert et al. 2007).  Furthermore, while 2D training images are readily available, 3D models 
describing vertical stratigraphic relationships are more elusive.  This limitation may reduce the 
capability of models constructed using MPS to meaningfully represent geological stacking patterns.  
In general, all geostatistical approaches are easily applicable and statistically robust; however, the 
resultant models may be biased based on the inputs or lack the realism observed in actual geological 
systems (Cojan et al. 2004) 
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Process Modelling 
Process driven techniques, also termed stratigraphic forward modelling (SFM), populate facies using 
mathematically derived rules to approximate physical processes such as sediment dispersion or basin 
subsidence (Sacchi et al. 2016).  Within the realm of SFM numerous mathematical approaches 
including geometric models, diffusion models, and hydraulic models have emerged and been tested 
in a variety of basins.  Hydraulic models, for example, use a version of the Navier-Stokes equation 
to approximate fluid flow in 3-dimensions over time (Huang et al. 2015).  SFM approaches can 
produce detailed sedimentary architectures; however, this methodology is rarely applied in industry 
field-scale modelling exercises due to the approach’s inability to strictly condition large input datasets 
(Doligez, et al. 2007).  Despite limited direct application in reservoir-scale models, forward modeling 
approaches can be used to develop training images for subsequent use in MPS based modelling 
approaches (Comunian et al. 2011).  This compound methodology leverages the geological realism 
achievable in SFM, with MPS’ ability to strictly conditioning input datasets.  Other methodologies 
have been introduced which combine stochastic and process based methods for construction of facies 
models (Deviese 2010).  As an example, the Flumy software applies a hybrid stochastic and process 
model workflow designed to model fluvial sediments (Deviese 2010).  
Both geostatistical and forward modelling methodologies have been previously applied to the Surat 
Basin (e.g. Sliwa and Esterle 2008, Hamilton et al. 2013, Zhang et al. 2014, Bianchi et al. 2015, 
Erriah et al. 2015, Martin and Morris 2015, Zhou et al. 2016).  These earlier studies highlight the 
challenges in reproducing the complex stratigraphic architecture inherent to coal bearing alluvial 
successions in numerical facies models. The presence of organic facies results in complex internal 
architectures such as coal ply splitting, amalgamation and wash out.  In the WSG, this complexity is 
further compounded by the characteristically thin and laterally discontinuous nature of WSG coal 
layers.  Due to these challenges, existing reservoir modelling approaches struggle to capture the true 
geometry of coal layers, specifically with respect to coal specific structures.  Considering the 
hierarchical nature of subsurface modelling workflows, should the geometric complexity of a 
reservoir units be insufficiently captured within the facies model, predictions of gas reserves or 
reservoir flow pathways may be compromised. 
SUMMARY 
This literature review chapter aims to summarize the salient research pertaining to the WSG as a coal 
seam gas resource.  Despite the rapidly expanding body of WSG related work, significant gaps exist 
in our understanding of the WSG’s palaeogeography and alluvial architecture at a variety of scales.  
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The regional organisation of the WSG sedimentary system is contentious, resulting in conflicting 
models of basin-scale palaeogeography.  This ambiguity is compounded by early regional studies 
continued use of problematic lithostratigraphic frameworks.  In addition, previous authors reliance 
on outcrop data to delineate the WSG’s alluvial architecture has meant that work was restricted to 
locations along the basin edge, where outcrop or open-cast mine exposures are available.  A rich and 
newly available CSG data set can be leveraged to understand more about the WSG’s regional 
organisation and reservoir architecture within the basin’s interior.  Finally, significant advances have 
been made in updating the workflows used to model fluvial and turbidite systems.  In contrast, the 
standard workflows, methodologies and algorithms use to construct models of WSG coal layers have 
not been significantly updated since the introduction of computer-based reservoir modelling over 15 
years and may result in either unrepresentative stochastic realisations or overly idealised object or 
process models that do not strictly condition all input data.  
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This paper presents a screening study, undertaken to investigate how reservoir parameters, including 
the distribution and continuity of coal layers, impact the predictions output by reservoir models.  
Identification of the controls upon CSG production provides direction for future research by 
highlighting those parameters which are most critical to specific production behaviours.  This study 
is designed to address research theme #1 as outlined in the RESEARCH OBJECTIVES & THESIS 
STRUCTURE section.  This chapter includes minor revisions which were made to the published 
version of this paper to promote continuity throughout this thesis. 
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ABSTRACT 
Following two decades of intensive exploration, CSG production in the Surat Basin has begun to 
dramatically increase to meet the capacity of three newly completed CSG-to-LNG export projects.  
As the industry’s focus shifts from appraisal to exploitation, the production forecasts underpinning 
these LNG projects are being tested.   In some cases, predicted reservoir performance is found to be 
invalidated by observed production data, a condition which may require costly amendments to project 
schedule and scope.  The deviation between actual and predicted reservoir performance can often be 
attributed to an incomplete understanding of parametric uncertainties present in static or dynamic 
reservoir models.  To address this limitation, this study aims to explore the parametric controls upon 
CSG production behaviours via a series of simulation experiments.   
Distributions of reservoir parameters were compiled from 152 open-source well completion reports 
available in three areas along the eastern edge of the Surat Basin.  These distributions were validated 
and then sampled to extract representative ranges for subsurface factors including gas content, 
permeability, net coal thickness, Langmuir pressure, Langmuir volume, and drainage area.  These 
inputs were used to construct single well radial models which were then simulated to generate 
predictions of monthly and cumulative produced fluid volumes.  The results of this study indicate that 
net coal thickness and lateral coal connectivity are the most sensitive factors with respect to 
cumulative gas production while permeability was the single most influential parameter affecting the 
rate of gas production. 
INTRODUCTION 
Over the past two decades, the expansion of coal seam gas (CSG) activity in the Surat Basin has 
established more than 33, 000 PJ of proven and probable (2P) CSG reserves which, in part, underpin 
three large CSG to liquefied natural gas (LNG) projects (DNRM 2016).  Due to the relatively short 
production history available for study prior to LNG plant construction, the Walloon Subgroup (WSG) 
gas reserves which predicate these developments were booked largely on the basis of production 
forecasts generated from reservoir models calibrated to early well results or partial analogues.  As the 
industry's focus matures from appraisal to exploitation, a wealth of new production information has 
allowed the predictions (production forecasts) of these earlier reservoir models to be tested.  In some 
cases, the predicted reservoir performance is found to be invalidated by observed production data, a 
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condition which may require costly amendments to LNG project schedule and scope.   
The deviation between predicted and actual reservoir performance can often be attributed to an 
incomplete understanding of subsurface parametric uncertainties in static or dynamic reservoir 
models.  In the Surat Basin, this condition is further compounded by a series of WSG specific 
characteristics namely the characteristically thin, heterolithic, laterally discontinuous and thermally 
immature nature of the coals, which preclude most other mature CSG plays (e.g. Powder River Basin) 
as being useful analogues. 
A prerequisite to improving the predictive capability of CSG reservoir models is a comprehensive 
understanding of the controls upon reservoir behaviour. The purpose of this study is to identify which 
parameters are central to CSG reservoir performance and understand how and why these vary across 
the basin.  Due to the unique character of coals in the Surat Basin, a WSG specific investigation into 
the controls on CSG reservoir behaviour may allow for more focused future research, ultimately 
allowing for an increase in the predictive capability of reservoir models. 
 
Figure 17.  Base map showing three areas of interest.  Contours are base Walloon Subgroup structure 
(CI=100m).  Fault polygons sourced from DNRM (2016). 
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SURAT BASIN COALS AS CSG RESERVOIRS 
The Surat Basin constitutes the eastern segment of the Great Artesian Basin, a vast linkage of 
Mesozoic sedimentary equivalents encompassing some 270, 000 km2 in eastern Australia (Figure 
17). A unifying stratigraphic model for the Surat Basin was proposed by Exon (1976), and has 
subsequently been reaffirmed by the later works of Hoffmann et al. (2009), describing six major 
fining-upward cycles of Mesozoic sedimentation (Figure 18).  Described as the Walloon Coal 
Measures by Cameron (1970) in the Rosewood–Walloon Coalfields, the Middle Jurassic succession 
was later informally renamed Walloon Subgroup (WSG) by Jones and Patrick (1981). The WSG 
grades upward from the Durabilla Formation and is unconformable with the overlying Springbok 
Sandstone. Over the past three decades numerous WSG stratigraphic nomenclatures have evolved in 
response to increased CSG activity.  The earliest framework was developed from mining exposures 
in the north of the basin and proposed a four-part lithostratigraphic subdivision (Swarbrick 1973).  
Jones and Patrick (1981) later adapted this model and informally named the upper and lower coal 
prone layers (the Juandah and Taroom Coal Measures, respectively) which are separated and 
underlain by coal barren units, the Tangalooma Sandstone and Durabilla Formation (Figure 18).  
  
Figure 18.  Stratigraphic column of the Surat Basin (Scott et al. 2004, Hoffmann et al. 2009, Wainman et al. 
2015). 
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Coal seam gas reservoirs fundamentally differ from conventional (e.g. sandstone or carbonate) gas 
reservoirs with respect to gas storage and flow mechanism in addition to other CSG specific 
phenomena such as matrix shrinkage.  In the Surat Basin, these differences coupled with a high degree 
of vertical heterogeneity, lateral discontinuity and thermal immaturity pose unique challenges to 
reservoir characterization.  Analogue CSG sensitivity studies suggests the geological parameters 
which most significantly control reservoir performance are permeability, gas content and saturation, 
and coal layer thickness and lateral continuity (Roadifer et al. 2003).  Similar to conventional gas 
fields, permeability is central to controlling the deliverability of CSG wells; however, in CSG fields, 
reservoir scale permeability is predominantly achieved via a network of fractures termed cleats (Liu 
et al. 2011).  As water is pumped out reservoir pressure is reduced to below the critical desorption 
pressure, allowing gas to diffuse into the cleat network where it will flow in a manner described by 
Darcy’s Law.  In most high rank coals (e.g. Bowen Basin), a well-developed cleat system suggests 
the presence of a strongly anisotropic permeability network.  Lower rank subbituminous coals, such 
as those characteristic of the WSG, contain poorly developed cleats which may reduce aggregate 
reservoir permeability.  In the WSG, a poorly developed endogenetic (formed during coalification) 
cleat system may be compensated for by relatively shallow reservoir depths (300 – 800 m), high 
vitrinite content (~80%) and tectonically driven exogenetic fracture enhancement which allows for 
permeability to exceed 1000 mD in certain areas (Ryan et al.2012).  CSG permeability fields are 
observed to be highly variable but generally are controlled by coal type (increased fracture density 
corresponding to increased vitrinite macerals content), coal quality (increased fracture development 
with increased rank) and depth (Alfonso 2014). 
 
A significant factor impacting the ultimate recovery of a well and the late stage production behaviour 
is the drainage area and net coal thickness (Ryba et al. 2011).  Given the low permeability of WSG 
sandstones, the drainage area of a CSG well is assumed to be restricted to the connected coal volume.  
Most other CSG producing basins produce from laterally continuous and relatively thick (usually 
from several meters to up to 50 m thick in the case of the Powder River Basin) coal layers.  In contrast, 
individual coal seams in the WSG are typically thin (<0.2 m) and laterally discontinuous, owing to 
frequent interactions with adjacent alluvial architectural elements.  This key difference precludes 
many other coal basins as being appropriate analogues for the WSG and contributes significantly to 
uncertainty in predicting late stage production behaviour.  
The gas storage capacity of a coal seam at a specified temperature varies as a function of pressure in 
a non-linear fashion as described by various numerical models, the most well-known being that of 
Langmuir (1916).  The shape of the isotherm curve can be described by the Langmuir properties, 
namely the Langmuir pressure (PL) and the Langmuir volume (VL).  The Langmuir volume is the gas 
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content of a unit volume of coal when all the adsorption sites are occupied; hence it denotes the 
adsorption capacity of a given coal at a specific temperature.  The Langmuir pressure is the pressure 
at which the gas content is 50% of the Langmuir volume; in essence describing the rate at which gas 
is liberated or adsorbed in response to changes in pressure.  For most coals, the Langmuir properties 
and hence the shape of the isotherm curve are controlled by coal rank, maceral composition and 
moisture content.  The quantity of gas contained within a coal can therefore be linked to the theoretical 
adsorptive capacity of the coal matrix and the saturation of a coal seam.  
 
Gas content is a critical factor controlling CSG production; however, one which is difficult to assess 
due to high variability both laterally within a seam and vertically from seam to seam (Moore 2012).  
Unlike conventional reservoirs, most coal seam methane gas is ‘adsorbed’ as a monomolecular layer 
onto the coal surface.  Given their thermal immaturity (vitrinite reflectance 0.37 – 0.64% Ro), much 
of the gas generated by WSG coals is inferred to be of a biogenic origin, particularly in areas of 
significant groundwater recharge (Hamilton et al. 2012).  It has been proposed that stratigraphic 
features (such as the Tangalooma Sandstone) or structural trapping features (i.e. the Undulla Nose 
anticline) influence gas biogenesis and migration (Ryan et al. 2012).    This is supported by Scott et 
al. (2007) who observed that gas content in WSG coals tends to increase in the presence of 
conventional or hydrodynamic traps and may decrease in areas where no natural trapping mechanism 
exists (e.g. anticlines breached by large faults). 
 
The saturation of a coal seam is a further uncertainty and is related to tectonic history and 
hydrodynamics.  Coal which contains the maximum amount of gas for a particular temperature and 
pressure is said to be saturated; if the gas content is less than the theoretical maximum then it is under-
saturated.  Surat Basin coals are typically under-saturated - a condition which may be attributed to 
either a structural contraction during the Cretaceous which caused uplift and exhumation of the Surat 
Basin’s Mesozoic section (Raza et al. 2009) or gas leakage through aquifer units such as the overlying 
Springbok Sandstone or Tangalooma Sandstone (Hamilton et al. 2012).   
 
METHODOLOGY 
Quantifying the controls upon Surat reservoir behaviour is a prerequisite to improve existing models.  
Dynamic simulation sensitivity studies in the form of Monte-Carlo analysis have been used by the oil 
and gas industry to quantify parametric uncertainty since the 1970’s.  Following a typical sensitivity 
workflow, input parameters are varied in isolation over a predetermined range to test their respective 
impact on an objective reservoir function such as gas in place or a specific dynamic reservoir response 
(Roadifer et al. 2003).  To explore the controls on CSG reservoir behaviour a parametric sensitivity 
91 
experiment was undertaken for Juandah Coal Measure reservoirs in three data rich areas located along 
the CSG fairway in the eastern Surat Basin (Figure 17).   
 
 
 
Figure 19.  Study workflow schematic 
Figure 19 outlines the study workflow.  Distributions for the six sensitivity parameters of interest 
(Langmuir volume, Langmuir pressure, net coal thickness, permeability, gas content, and drainage 
area) were compiled from 152 open source well-completion reports.  These inputs were then used to 
construct thirteen single well radial drainage PETRELTM models for each of the three areas.  
Numerical simulation of these models was done via finite element analysis in which the equation 
below was solved at 10,000 predetermined time-steps: 
𝑞 =
2𝜋𝑘𝑟𝑔ℎ(𝑃𝑖 − 𝑃𝑤𝑓)
𝜇𝐵𝑔(𝑙𝑛
𝑟𝑤
𝑟𝑒
+ 𝑠)
 
Where: 
q = gas rate 
Krg = relative permeability of gas 
h = net coal thickness 
P-Pwf = flowing pressure differential 
u = viscosity 
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Bg = gas expansion factor 
rw = well radius 
re = drainage radius 
S = skin factor 
        Well              Matrix          Fluid   
Bore radius 0.5 ft   Ash 18.5   Pi 215 psi 
Abnd time 2E4 days   Moisture 2.40   Cw 1E-5  psi-1 
Pwf 100 psi   Density 1.41   swc 10% 
      Temperature 40 C   sgc 10% 
      PHI fracture  1%   Nw 3 
      Cf 1E-5  psi-1   Krw 1 
            Ng 3 
            Krg 1 
            u water 0.6 cP 
            Bw 1 
        
Table 2.  Assumptions used for the reservoir simulation for the north area. 
Economic studies of CSG fields suggest that the most commercially significant reservoir behaviours 
are how much gas can be recovered (cumulative gas production) and how quickly gas is produced 
(peak gas rate) (Moore 2012).  For this reason, these two production behaviours were selected as the 
objective functions and used assess parametric impact.  Dynamic simulation requires a collection of 
well, matrix, and fluid assumptions (summarised in Table 2).  For each area values for density, 
porosity, ash content, and moisture were extracted from core analysis reports. Assumptions were 
made for bottom hole flowing pressure, relative permeability, viscosity, temperature, formation 
volume factor (FVF), matrix compressibility, abandonment pressure, skin factor and diffusivity and 
are common to all simulation cases.  A reference case production forecast was constructed with all 
six sensitivity parameters at their mid values and was compared against publicly available production 
type curves (where available) to ensure reasonableness.  A high and low case for each parameter (with 
all other parameters at their mid values) was simulated and compared against the reference case (the 
control) to quantify the influence of each parameter on reservoir behaviour in isolation of all other 
parameters (Figure 20). 
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Figure 20.  Design of reservoir simulation experiment for each study area.  Matrix shows the combinations of 
high (h), mid (m) and low (l) parameters considered: permeability (perm), Gas content (GC), net coal thickness 
(net coal), drainage area (drainage), Langmuir pressure (PL) and Langmuir volume (VL). 
INTERPRETATION & RESULTS 
Input data 
In most subsurface characterization studies, distributions of reservoir measurements are assumed to 
approximate the reservoir from which they are sampled, often without much consideration to their 
true representiveness. While sample distributions measured from the reservoir surely do provide some 
insights into the population, to what degree of confidence these samples represent the reservoir is less 
clear. Biases, clustering and scarcity of measurements may reduce the confidence of sample 
populations. In the case of CSG reservoirs, some parameters are sampled with relative high frequently 
(e.g. coal density from wireline logs), while other parameters are more difficult / expensive to measure 
and thus are scarcer (e.g. permeability from drill-stem tests). Non-uniformly sampled parameters may 
introduce scale errors into the reservoir characterization process and for parameters difficult or 
expensive to sample the quantification of whether a few values are sufficient to approximate an entire 
field population is required.  Due to these complexities, the compiled input distributions outlined in 
Table 3 were not used directly, but were subsampled to generate high, middle, and low cases for each 
of the six parameters to be investigated (Figure 21).   
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Net coal thickness was derived by cross plotting described lithologies from cored wells against 
wireline lithological interpretations.  From this analysis, a density log cut-off of 1.87 gcc-1 was used 
to differentiate coal from non-coal lithologies.    Distributions of Langmuir properties from isothermal 
modelling and gas content from desorption tests were found to be roughly normal distributions and 
as such high and low values were generate using 1.28 multiplied by the standard error (standard error 
= standard deviation / √n) +/- the mean to approximate the 10 – 90th percentile of a normal 
distribution. Permeability was found to be logarithmically distributed and as such was normally 
transformed prior to sampling.  
Best estimate well spacing statistics were extracted from various “fully developed” CSG areas 
throughout the basin and found to be generally to be 750 m (~140 acre drainage area).  Low case 
estimates we drawn from closely spaced wellbore mapping of Leblang et al. (1981) in which some 
coal layers were observed to pinch out or amalgamate over 600 m.  High case coal continuity 
estimates were drawn from coal plies mapped from closely spaced drill collars used to delineate an 
open pit coal mining operation active along the WSG’s eastern subcrop edge.  This data suggests that 
individual coal layers are continuous over pit dimensions of at least 850 – 950 m. 
Permeability was observed to vary significantly between study areas with the northern area having 
an average permeability which was 2-3 times higher than the other areas.  This difference is attributed 
to the northern area’s location on the Undulla Nose, a broad NNE - SSW trending anticline feature.  
Flexure of Walloon Subgroup beds across the anticline as the structure formed resulted in an 
abundance of open fractures, thereby drastically increasing the area’s permeability (Ryan et al. 2012).  
This area also has slightly reduced net coal thicknesses, which might be attributed to incision of the 
overlying Springbok Sandstone (Hamilton et al. 2014).  Interaction of the Springbok Sandstone or 
Tangalooma Sandstone aquifers may have introduced the possibility of gas leakage, reducing gas 
content in some WSG coals.  The Juandah Coal Measures gas content in all fields was relatively low 
(3-4 m3 / t DAF) as compared to the deeper Taroom Coal Measures (5-8 m3 / t DAF). 
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                      Middle Area             North Area           South Area 
            
P
er
m
ea
b
il
it
y
 (
m
D
)  
 min 133.47 175.99 75.70 
  mean 277.92 415.93 132.66 
  max 422.36 655.86 189.62 
  stdev 80.189 313.26 231.1 
  n 6 5 28 
            
G
a
s 
C
o
n
te
n
t 
D
A
F
 
(m
3
/t
) 
  min 3.22 3.03 3.01 
  mean 3.43 3.30 3.25 
  max 3.65 3.57 3.48 
  stdev 1.657 1.181 1.61 
  n 74 52 75 
    
 
      
N
et
 c
o
a
l 
(m
) 
  min 14.20 12.38 13.63 
  mean 19.62 15.35 18.61 
  max 25.04 18.33 23.60 
  stdev 8.47 2.96 3.89 
  n 34 7 109 
            
P
L
 (
M
p
a
) 
  min 4.26 4.38 4.10 
  mean 4.60 4.71 4.50 
  max 4.94 5.05 4.89 
  stdev 1.261 0.77 1.27 
  n 29 14 17 
            
V
L
 (
cc
/g
) 
  min 16.81 14.41 14.33 
  mean 17.42 16.20 15.71 
  max 18.03 18.00 17.10 
  stdev 2.45 3.45 4.46 
  n 29 14 17 
            
D
ra
in
a
g
e 
 (
a
cr
e)
 
  min 88.96 88.96 88.96 
  mean 139.00 139.00 139.00 
  max 200.16 200.16 200.16 
  stdev - - - 
  n - - - 
 
Table 3.  Compiled parametric input distributions. 
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Figure 21.  Reservoir simulation model inputs. 
Reservoir simulation 
Prior to conducting Monte-Carlo analysis, a reference case production forecast was constructed with 
all six sensitivity parameters at their mid values.  In the central area, the reference case production 
forecast (Figure 22) suggests that peak gas rates of 400 Mscf/d (thousand standard cubic feet of gas 
per day) would be achieved after about four years on production.  The total gas produced by this well 
is predicted to be approximately 0.6 billion cubic feet (Bcf) after 14 years on production; however, 
the lack of open-source production data available for calibration undermines some of the confidence 
in the absolute values of these predictions (Figure 22).  The dewatering time (the delay from the start 
of pumping to the first gas produced) is approximately 10 months and is a function of the under-
saturated nature of many Surat Basin CSG reservoirs.  If a CSG reservoir is under-saturated the 
reservoir pressure must first be reduced to the critical desorption pressure by pumping down the 
groundwater table before methane desorption will occur. The pressure differential between the initial 
reservoir pressure and the pressure at which first gas is desorbed is referred to as the dewatering index 
and provides important insight into the commerciality of a CSG reservoir (Ryba et al. 2011).  If a 
reservoir is significantly under-saturated and thus has a large dewatering index it may be uneconomic 
to produce, even if it contains otherwise good reservoir properties.   
The kink in the production forecast observable at year 2 in Figure 22 is due to early stage matrix 
expansion and was observed to vary by changing pressure drawdown and matrix compressibility 
values.  As dewatering begins, the hydraulic pressure exerted by the groundwater on the coal matrix 
decreases, causing the coal matrix to expand which decreases the aperture of cleats and thereby 
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reduces the overall permeability.  Later in the production lifecycle, as reservoir pressure falls further 
below the critical desorption pressure significant volumes of gas are liberated causing the coal matrix 
to shrink, widening fracture apertures and increasing permeability.  Reference case production 
forecasts similar to Figure 22 were generated for each area and were compared against published 
industry type curves (where available) to ensure reasonableness.  Where different, varying the shape 
of the relative permeability curve (changing the Corey exponent between 1 and 3) was found to be 
sufficient to obtain a match. 
 
Figure 22.  Reference case production forecast for Central Area. 
Following the generation of reference case production forecasts, a series of thirteen radial well models 
were constructed and simulated in each of the three areas in accordance with the design of experiment 
matrix outlined in Figure 20.  These models were used to explore the parametric impact on both 
objective functions (cumulative gas produced and peak gas rate) by varying each parameter across 
their respective uncertainty ranges.  From this analysis permeability was found to have the largest 
impact on well deliverability, as reflected in peak gas rate (Figure 23B); however, did not 
significantly affect the cumulative gas produced.  This can be observed in Figure 23A as the two red 
lines (high and low permeability cases) converge towards similar cumulative gas produced values 
after 20 years of production; however, the low permeability case requires an additional 14 years to 
produce this same amount of gas as compared to the high permeability case.  Drainage area is 
observed to most strongly affect the cumulative gas produced (the green curves in Figure 23A); but 
has little impact on the rate at which gas is produced (green lines in Figure 23B).  Similarly, net coal 
thickness and gas content were also found to moderately influence the cumulative gas produced while 
having a lesser impact upon the rate of gas production. 
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Figure 23.  Reference case production forecasts for North Area.  A. Cumulative gas produced versus time.  
B.  Produced gas rate versus time. 
The sensitivity workflow outlined in Figure 19 was repeated for each of the three production areas 
with similar results.  The analysis indicates that drainage area and net coal thickness are the most 
sensitive factors affecting cumulative gas recovery while permeability and net coal thickness are the 
most influential with respect to peak gas rate (Figure 24).  Overall the parametric rankings between 
the three production areas are generally similar; however due to a decrease in net coal thickness in 
the northern area, this factor was not as significant in controlling peak gas rate as in the other two 
areas (Figure 24).      
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Figure 24.  Sensitivity plots from the three study areas.  Black box indicates highest 2 ranked parameters. 
DISCUSSION 
Previous CSG sensitivity studies have indicated that coal permeability and gas saturation most 
strongly effect peak gas rate in the San Juan Basin (Roadifer et al. 2003), while gas content, 
permeability, and net-to-gross were the parameters which most significantly affected CSG well count 
in the Surat Basin (Lagendijk and Ryan 2010).  The results of this study indicate that drainage area 
(coal layer lateral continuity) and net coal thickness are the factors most strongly affecting cumulative 
gas recovery while permeability and net coal thickness are the most influential with respect to peak 
gas rate.  These outcomes provide insight into the parameters controlling CSG reservoir performance 
in the Surat Basin and quantifies their respective impacts.  Importantly, this analysis also highlights 
areas which should be further studied to improve the predictive capability of existing reservoir models 
in the Surat Basin.   
Both objective functions (peak gas rate and cumulative produced gas) were found to be significantly 
influenced by the net thickness and lateral extent of coal layers present in the model.  In CSG reservoir 
models the distribution and geometry of coal bodies is governed by the facies model.  Existing CSG 
facies modelling workflows typically employ a deterministic approach or geostatistical algorithms to 
populate facies.  Geostatistical techniques produce stochastic facies realisations which honour the 
input statistics but struggle to sufficiently capture the spatial or temporal complexity of alluvial 
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systems.  Often this results in models in which the geometry of individual CSG reservoir layers are 
not geologically realistically represented.  Deterministic modelling workflows ignore depositional 
facies entirely and instead rely solely on manual inter-well correlation of coal seam-groups to another 
to populate coal layers.  This approach gives little consideration to inter-well scale geological 
processes, specifically whether the units recognized in neighbouring wells are equivalent or 
geologically continuous such that they are in hydrodynamic communication.  In basins which host 
thick and laterally continuous coal layers (e.g. Powder River or Bowen Basins) these techniques may 
be sufficient to capture the spatial distribution of coal; however, mining borehole and outcrop studies 
in the WSG have demonstrated that Surat Basin coal bodies are highly variable and laterally 
discontinuous, even at relatively short distances (Leblang et al. 1981, Yago 1996).  This is consistent 
with observations drawn from modern alluvial environments, in which the control and modification 
of peat mires by other alluvial elements is readily observed.  In these analogues, such as the 
Saskatchewan River Basin in Northern Canada, fluvial channels can be observed incising across peat 
mire environments, effectively compartmentalizing CSG reservoirs.  In other areas crevasse splay 
deposits cause the bifurcation of peat layers, causing coal seam splits which may isolate reservoirs 
stratigraphically.  Furthermore, floodplain inundation may drown peat mires, converting them to 
localised inter-distributary lakes, resulting in lateral lithological facies changes within coal forming 
environments.  From these examples, the challenges in representing the complexity inherent to 
alluvial systems in numerical reservoir models is apparent.   
Permeability is the most significant parameter controlling well deliverability and hence peak gas rate 
in CSG wells.  Accurately modelling CSG permeability requires high-resolution characterisation of 
the endo and exogenetic fracture networks present within WSG coal layers.  The acquisition of image 
logs in deviated wells can aid our understanding of fracture networks, leading towards better field-
scale permeability models.  Furthermore, the availability of open source production data metered at 
the well head would allow for an understanding of intra-field permeability variations, represented as 
local deviations in well performance.  Surat Basin CSG reservoirs show a high degree of performance 
variability even at relatively close well spacing (Ryba et al. 2011).  Public availability of high 
resolution production data would facilitate further exploration into these differences while also 
allowing for a direct calibration of simulation models to observed data - a history matching step which 
would improve the confidence of all predictions drawn from reservoir models.   
CONCLUSION 
The outcomes of this study indicate that permeability and net coal thickness are the parameters which 
most significantly controls the peak rate of gas production, while net coal thickness and lateral coal 
continuity most strongly affect the cumulative gas produced.  The significance of permeability 
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highlights the necessity for future work to better characterise the fracture networks and calibrate 
production behaviours in CSG reservoirs.  Similarly, uncertainty surrounding the distribution and 
geometry for coal layers provides impetus for further study the Walloon subgroups alluvial 
architecture and develop techniques to better represent the geometry and distribution of CSG 
reservoirs in numerical subsurface models.  The availability of single completion production data 
would be of significant benefit to understand the reservoir properties and behaviours of individual 
production zones. 
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This paper is a foundation study which tests and refines models of the stratigraphic organisation of 
the Walloon Subgroup.  Conceptual models describing basin-wide depositional trends are an 
important prerequisite for facies model construction as regional trends overprint field-scale facies 
relationships.  Integration of newly available bore-hole image logs with wireline and core datasets 
allows for a coherent palaeogeographic model to emerge, providing the basis for improved prediction 
of depositional trends throughout the eastern Surat Basin.  This study is intended to address research 
theme #2 as outlined in the RESEARCH OBJECTIVES & THESIS STRUCTURE section.  This 
chapter includes minor revisions which were made to the published version of this paper to promote 
continuity throughout this thesis. 
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ABSTRACT 
Despite more than a decade of intensive coal seam gas exploration and development in the Surat 
Basin, fundamental aspects surrounding the sedimentary organisation of the Walloon Subgroup 
remain unresolved.  While generally agreed to have been deposited on a waterlogged alluvial plain, 
contradictory palaeogeographic models describe the Walloon Subgroup as an internally draining 
fluvio-lacustrine system or, alternatively, as a southeast-prograding trunk drainage system.  The 
former invokes a radially organised fluvial catchment feeding a basin depocentre, suggesting that 
rivers within the study area flowed from east to west.  In contrast, a prograding trunk drainage system 
assumes an axial system flowing southeastward towards a distant palaeo-coastline.  Without a 
unifying conceptual model describing the organisation of the Jurassic depositional system, 
predictions about the distribution of alluvial sub-environments within the Surat Basin are difficult.  
This study tests previous hypotheses surrounding the Walloon Subgroup’s sedimentary organisation 
by reconstructing regional variations in alluvial architecture, fluvial styles and sediment dispersal 
patterns.  The workflow integrates borehole image log interpretation, wireline log analysis, core 
description and numerical modelling to explore the character and occurrence of sub-environments 
throughout the basin.  Synthesis of interpretations suggests a composite meandering to anastomosing 
fluvial system containing both a south-oriented trunk drainage component and tributary rivers feeding 
the axial system from the east. 
 
INTRODUCTION 
The Surat Basin constitutes the eastern segment of the Great Artesian Basin, a vast linkage of 
Mesozoic sedimentary equivalents encompassing some 270, 000 km2 in eastern Australia.  Over the 
past decade, interest in the Surat Basin has grown in response to energy companies seeking to exploit 
the 3h3, 000 PJ of proven and probable coal seam gas (CSG) reserves contained within the Middle 
Jurassic Walloon Subgroup (AGRA 2014).  Despite its economic significance, fundamental aspects 
of the Walloon Subgroup (WSG) alluvial system remain unresolved.  Conflicting regional 
interpretations vary from an internally draining fluvio-lacustrine system (Swarbrick 1973; Fielding 
1993; Yago 1996; Figure 25a) to a southerly prograding fluvial system (Sliwa and Esterle 2008; 
Hamilton et al. 2014; Figure 25b).  
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Figure 25.  Conflicting models for the sedimentary organisation of the WSG: (a) numerical facies model for 
centripetal drainage hypothesis; and (b) numerical facies model for a southerly prograding trunk drainage 
hypothesis.  
The geology of the WSG is well studied, but much of the existing literature focuses on characterising 
the economically significant organic facies (e.g. Scott et al. 2007; Hamilton et al. 2012; Ryan et al. 
2012). Instead, this investigation explores the WSG’s alluvial character throughout the bas in.  In 
modern alluvial settings, the geometry and occurrence of peat-mires and other sub-environments are 
related to channel planform, orientation and mode of migration (McKenzie 1979; Rust et al. 1984; 
Styan and Bustin 1984; Flores and Hanley 1984; Shanley and McCabe 1994; Gruber and 
Sachsenhofer 2001).  Conversely, in some settings the distribution of peat-mires has been shown to 
control channel planform (McCabe 1984).  This hierarchical understanding of alluvial organisation 
illuminates the importance of resolving an alluvial system’s palaeogeomorphology, as it impacts our 
understanding of CSG reservoir distribution and provides context for reservoir modelling at regional 
scales.  Historically, the classification of fluvial systems has relied on a four-part taxonomy (straight, 
braided, meandering, or anastomosing) in which river types are differentiated on the basis of channel 
sinuosity and multiplicity (Rust 1977).  These concepts have been previously applied to the WSG, 
with the system described as composed of meandering (Yago 1996) or distributive (Hamilton et al. 
2014) fluvial channels.  Whichever conceptual environmental model is adopted could have profound 
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implications on the prediction of peat-mire (i.e. CSG reservoir) orientation, geometry and distribution 
throughout the Surat Basin.  Anastomosing systems contain multiple channels of varying sinuosities 
and are common in basins where high subsidence rates result in rapid-channel aggradation and the 
development of alluvial ridges - a condition that promotes high-frequency anastomosis (Bridge 1984; 
Makaske 2001).  Peat-mire environments in these rapidly aggrading settings might be expected to be 
laterally discontinuous (commonly truncated by small channels) and highly stratified because of 
recurrent clastic influx into the mire (Figure 26a).  Owing to their frequent interaction with clastic 
environments, compositionally these coals are expected to host higher inorganic mineral content 
(McCabe 1984).  In contrast, peat-mires present in well-established meandering systems might be 
expected to colonise larger and more stable interfluve areas further away from active clastic 
deposition (Figure 26b).  Fewer and more stable channels may reduce the occurrence of clastic influx 
into peat-forming environments and allow for the development of thicker and more homogenous coal 
layers with a lower ash content. 
 
Figure 26.  Conflicting channel morphology models of the Walloon Subgroup.  a) Meandering river system 
with large homogeneous coal seams (after McCabe 1984); b) distributive (anastomosing) systems with 
stratified and laterally discontinuous coal seams (McCabe 1984, Rust 1977). 
 
GEOLOGICAL SETTING 
Basin structure and evolution  
Commonly described as broad and gently dipping, Surat Basin strata subcrops against the 
metamorphic rocks of the Auburn Arch and New England Orogen to the east and against the Bowen 
Basin in the north (Figure 27).  To the west, the basin thins across the Roma Shelf and over the 
Nebine Ridge before joining the Eromanga Basin, while to the southeast, the Surat Basin is 
continuous with the Clarence-Moreton Basin across the Kumbarilla Ridge (Exon 1976).  
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The tectonic evolution of eastern Australian basins began with a period of extension resulting in 
proto-Bowen Basin half grabens in the early Permian (Exon 1976; Fielding 1996; Korsch and 
Totterdell 2009). Subsidence continued until the Late Triassic, when a period of crustal shortening 
ceased deposition, and resulted in the uplift and subsequent denudation of 0.9 - 2.5 km of Paleozoic 
sediments (Green et al. 1997).  Following this inversion, regional subsidence initiated again in the 
Late Triassic with Mesozoic sediments accumulating on the Paleozoic peneplain until about the mid-
Cretaceous when a second contraction ceased deposition and removed up to an additional 1.9 km of 
Mesozoic section (Raza et al. 2009).  
 
Figure 27.  Study area and dataset.  Elevation contours are shown for the base Walloon Subgroup (CI=100m).  
Fault polygons from DNRM. 
Ambiguity surrounding the mechanics of the Surat Basin’s tectonic evolution contributes to the 
divergence of hypotheses explaining the sedimentary organisation of the WSG alluvial system.  While 
there is a general consensus concerning the tectonic evolution of the New England Orogen and 
adjacent sedimentary basins, the mechanism(s) responsible for the basins’ subsidence remain 
unresolved. A variety of structural models have been proposed for the Surat placing the basin in either 
an intracratonic (Fielding 1996; Yago and Fielding 1996) or a pericratonic (Exon 1976; Veevers et 
al. 1982; Gallagher 1990; Green et al. 1997; Waschbusch et al. 2009) setting.  The intracratonic 
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model proposes that following a Late Triassic contraction, the Surat and Eromanga basins evolved 
on the Jurassic craton owing to lithosphere thermal decay (Gallagher 1990; Yago 1996), incipient 
intra- plate rifting (Fielding 1996), or thermal contraction resulting from deep metamorphism 
(Middleton 1989).  In contrast, the pericratonic hypothesis suggests the Mesozoic sedimentary basins 
developed in a retro-arc position on a westward-dipping convergent plate margin active along the 
palaeo-east coast of Gondwanaland (Raza et al. 2009).  This hypothesis is supported by back stripping 
analysis, suggesting that thermal decay is insufficient to explain the rate of subsidence or the 
asymmetrical nature of the Surat Basin (Waschbusch et al. 2009).  Instead, pericratonic proponents 
favour dynamic platform tilting owing to viscous corner mantle flow, attributed to the adjacent 
subduction zone, as the mechanism responsible for the Mesozoic basins formation (Korsch and 
Totterdell 2009).  For interior basins such as the Surat, located perhaps 300 km inland at the time of 
formation (Bradshaw and Yeung 1990), tectonic and/or climatic cycles are favoured over eustacy as 
the principle mechanisms controlling sequence development (Shanley and McCabe 1994).  Structural 
features such as the Kumbarilla Ridge may also have provided limited palaeo-topographic protection 
from eustatic inundation, effectively allowing for the establishment of a local base level within the 
interior Surat Basin. 
Stratigraphy 
A unifying stratigraphic model for the Surat Basin was proposed by Exon (1976), and has 
subsequently been reaffirmed by the later works of Hoffmann et al. (2009), which described six major 
fining-upward cycles of Mesozoic sedimentation (Figure 28).  This study focuses on the second 
Jurassic mega sequence (termed the K-sequence by Hoffmann et al. 2009).  First described as the 
Walloon Coal Measures by Cameron (1970) in the Rosewood Walloon Coalfields, the Jurassic 
succession was later informally renamed the Walloon Subgroup (WSG) by Jones and Patrick (1981).  
The WSG grades upward from the Durabilla Formation and is unconformable with the overlying 
Upper Jurassic Springbok Sandstone. Numerous internal WSG stratigraphic nomenclatures have 
evolved over the past decades in response to increased CSG activity.  The earliest internal framework 
was developed from mining exposures in the north of the basin and proposed a four-part 
lithostratigraphic subdivision (Swarbrick 1973).  Jones and Patrick (1981) adapted this model and 
informally named the upper and lower coal prone layers (Juandah Coal Measures and Taroom Coal 
Measures, respectively) that are separated and underlain by coal-barren units, the Tangalooma 
Sandstone and Durabilla Formation, respectively.  Scott et al. (2004) provided further refinement by 
introducing 9 informally named seam-groups within the Juandah and Taroom units.  Since then, Ryan 
et al. (2012), Hamilton et al. (2014) and Sliwa et al. (2014) have introduced additional informally 
named coarse-grained units, the Juandah (also referred to as Wambo Sandstone by Ryan et al. 2012) 
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and Condamine Sandstones.  Over time, the WSG internal stratigraphy has evolved towards an 
increasingly high-resolution lithostratigraphic framework.  Since Scott et al. (2004), more than 2, 000 
new CSG wells have intersected the coal measures, and some are found to invalidate the existing 
seam group framework.  New drilling information demonstrates that seam-groups may not be 
equivalent across the basin but also that regional correlation of coarse clastic members (i.e. Juandah, 
Tangalooma or Condamine Sandstones) is difficult (Martin et al. 2013; Sliwa et al. 2014).  Internal 
WSG correlation problems are attributed to the interplay between a multitude of factors, specifically: 
(1) high-frequency autocyclicity resulting in a complex and heterolithic alluvial succession; (2) the 
absence of a chronostratigraphic datum, such as regionally correlatable tuffs, soils or marine shale; 
(3) a dearth of published age dates; (4) ambiguously defined lithostratigraphic nomenclature; (5) 
asymmetrical and diachronous extra-formational incision (e.g. the Springbok unconformity) and 
intra-formational incision (e.g. base of channel) events; and (6) small-scale variations in 
accommodation (tilting, faulting or compaction related), which may locally affect alluvial 
architecture.  The last issue is probably the most problematic and contributes significantly to the 
difficulty in propagating regional lithostratigraphic correlations (Bianchi et al. 2015).  Rather than 
responding to pre-existing basin topography, WSG sediments appear to be controlled in part by the 
mechanics of local compensational stacking, thus lithological subunits should not be expected to be 
ubiquitous (Yago 1996).  In response to these observations, this study breaks from the trend of an 
ever-finer internal lithostratigraphic subdivision and instead tests the application of a simplistic 
sequence stratigraphic model for intra - Walloon correlation. An idealised interior basin sequence 
begins with lateral amalgamation of thick and multi-storied channel sands, following a sudden 
decrease in accommodation space (Olsen et al. 1995).  In the K-sequence, this period is represented 
by the Hutton Sandstone, the erosive base of which denotes the second major Jurassic sequence 
boundary (Hoffmann et al. 2009).  As the rate of accommodation space creation increases during the 
deposition of the late lowstand (LST) or early transgressive systems tracts (TST), the amalgamated 
fluvial sediments of the Hutton Sandstone fine upward into the Durabilla Formation - a heterolithic 
succession of isolated channel sandstones encased in overbank and flood-basin siltstones and 
mudstones (Exon 1976).  The Durabilla Formation fines upward into the Taroom Coal Measures of 
the lower WSG, representing continued deepening conditions in the late TST. The Taroom Coal 
Measures are a heterolithic succession of minor channel sandstones enveloped in overbank fines and 
thin, lenticular coal plies (Hamilton et al. 2014).  A shift from decreasing to increasing sand content 
at the base of the Upper Juandah Coal Measures records the reversal in accommodation space, 
denoting the K-sequence maximum flooding surface (MFS) equivalent.  Maceral indices for upper 
Lower Juandah seam-groups indicate a high water-table and record the ‘deepest’ environment during 
WSG deposition which corresponds to the highest ratio of accommodation space to sediment supply 
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present during the deposition of the K-sequence (Ryan et al. 2012).  Sections of the Upper Juandah 
Coal Measures are commonly truncated by the overlying Springbok unconformity (the ensuing L-
sequence boundary).  Coals contained within the Upper Juandah Coal Measures host an increasingly 
oxidised maceral signature and a positive shift in carbon isotope values, interpreted by Pacey (2012) 
to confirm a drying-upward trend.  This observation is consistent with the sequence stratigraphic 
concept of a decreasing accommodation space to sediment supply ratio during deposition of the early 
highstand systems tract (HST) deposition, placing the Upper Juandah Coal Measures in the HST of 
the K-sequence.  Unravelling the extra-basinal controls on sequence development is central to 
understanding the nature of Jurassic sedimentary cycles.  A poorly defined link between the K-
sequence and eustatic events suggests that sea-level was not to be a significant control (Hoffmann et 
al. 2009).  Instead, the mega-sequences in the Surat Basin are consistent with the principles of 
Alexander and Leeder (1987), who proposed that tectonics strongly control accommodation space 
and hence cycle development in terrestrial settings.  Others subscribing to this tectonostratigraphic 
model have suggested that the bounding Jurassic second-order sequence boundaries K and L reflect 
periods of significant structural realignment associated with the subduction zone to the east 
(Waschbusch et al. 2009).  Within the K-sequence, subsidence patterns are useful to understand the 
tectonic controls on sequence development.  Apatite fission track analysis has revealed that tectonic 
subsidence was generally uniform during WSG deposition (166 - 158 Ma) and began to slow by the 
Late Jurassic (Raza et al. 2009).  These findings agree with a back-stripping analysis that suggests 
that WSG subsidence rates were linear; an observation interpreted to preclude thermal relaxation as 
the principle mechanism for basin evolution (Waschbusch et al. 2009).   In general, a tectonic 
environment with steady creation of accommodation space over most of WSG deposition time, before 
gradually slowing towards the Late Jurassic, fits with the previously described single sequence model. 
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Figure 28.  Stratigraphic column with sequence stratigraphic concepts (Scott et al. 2007, Hoffmann et al. 
2009, Wainman et al. 2015) 
Sedimentology 
The WSG has been studied previously in core - and outcrop - based investigations, the bulk of which 
suggest its deposition was on a broad alluvial plain, devoid of marine influence (Cameron 1970; Exon 
1976; Yago 1996; Martin et al. 2013).  Existing palaeogeographic models propose that the succession 
reflects a west-ward (Yago 1996), north and east (Exon 1976), or southeast-ward flowing (Sliwa and 
Esterle 2008; Hamilton et al. 2014) fluvio-lacustrine system; the heterolithic sediments represent 
complex interactions between channel, overbank and distal flood-basin sub-environments.  Early 
work suggested the presence of large, well-established meandering river systems (Cameron 1970; 
Exon 1976) but subsequent outcrop studies in the Surat and Clarence-Moreton basins described WSG 
channel widths ranging from several hundred metres to a few kilometres (McKenzie 1979; Fielding 
1993; Yago 1996).  Narrow channels likely represent isolated meandering channels; however wider 
sand bodies are more likely deposited as stacked channel fills contained within incised valleys.  
Siliciclastic sediments, including lithic sandstone, siltstone and mudstone are sourced from the 
northern Nebine Ridge and Auburn Arch or from the New England Orogen to the east (Exon 1976).  
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Common ash-fall tuffs and texturally immature volcanogenic sandstones indicate episodic 
contemporaneous volcanism from either a volcanic arc to the east (Waschbusch et al. 2009) or 
intrabasinal volcanic point sources (Fielding 1993; Yago and Fielding 1996).  Mire environments are 
common and host multiple thin and lenticular coal plies interbedded with bentonite and carbonaceous 
mudstone layers.  The Saskatchewan River Basin, located in the Canadian prairies, is an entirely 
terrestrial, high-latitude, low-temperate system.  Maceral analysis indicates that similar conditions 
were present during the Middle to Upper Jurassic in eastern Australia (Ryan et al. 2012) suggesting 
that the Saskatchewan River Basin may be appropriate to be tested as a partial analogue for the WSG. 
DATABASE AND METHODOLOGY 
This study integrates open-source wireline logs, drill core and borehole image (BHI) logs to provide 
a regional perspective on the character and orientation of the WSG alluvial system along the eastern 
reaches of the Surat Basin (Figure 27). 
A tripartite approach consisting of stratigraphic correlation using wireline logs, environmental 
classification via core description, and fluviatile process/ sediment dispersal reconstructions based on 
BHI analysis, was applied.  Sequence stratigraphic nomenclature borrowed from Hoffmann et al. 
(2009) was propagated throughout 772 wells with open-source, normalised logs (Sliwa et al. 2014) 
available in the eastern side of the Surat Basin.  Within this regionally consistent stratigraphic 
framework, environmental classification was undertaken through application of a genetic facies 
scheme developed from an analysis of 817 m of drill core available in three wells along the eastern 
margin of the basin (Long Swamp 2, Stratheden 4 and River Road 3).  In these wells, a calibration 
between core and wireline motif was developed and used to extrapolate genetic facies to 769 uncored 
wells distributed across the study area.  The facies scheme was further refined via BHI log analysis 
in nine wells, allowing for the delineation of in-channel depositional processes.  BHI logs are high-
resolution wireline tools that record up to 192 oriented micro-resistivity measurements within a 
wellbore (Poppelreiter et al. 2010).  During processing, individual traces are unwrapped, normalised 
and interpolated to generate a pseudo-3D image of the wellbore annulus.  Subsequent interpretation 
involves modelling and classifying sinusoids to events resolved in the unwrapped image, which may 
be interpreted to represent structural or sedimentological features.  Structural trends were removed 
from the BHI dataset by correcting layers initially believed to be horizontal (i.e. coal and mudstone 
laminations) back to a zero-dip angle.  Relationships between fluviatile sediments, depositional 
process and channel character developed in modern environments (e.g. Allen 1970; Rust 1977; 
Collinson 1978; Bridge 1984) were used to identify variations in channel types.  Statistical analysis 
of 13 035 in-channel bedding plane measurements from wells with BHI logs revealed regional 
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sediment dispersal patterns.  Finally, interpretations were synthesised into regional numerical models 
to test existing hypotheses surrounding the depositional organisation of the WSG as a whole. 
RESULTS AND INTERPRETATION 
This study investigates the depositional organisation of the WSG by considering competing 
palaeogeographic models regarding system orientation (centripetal vs. trunk drainages) and channel 
character (isolated large meandering channels vs. smaller distributive channels).  The suitability of 
these models to the WSG was tested from stratigraphic, environment of deposition and fluvial 
process/orientation perspectives.  
Environments of deposition from core description 
The facies scheme was adapted from the previous investigations of Fielding (1993), Yago (1996) and 
Martin et al. (2013).  Observations were developed from drill cores described in wells Longswamp 
2, River Road 3 and Stratheden 4 (Figure 27).  In these wells three overriding depositional 
environments were observed representing channel fill, overbank and distal flood-basin associations 
composed of eight alluvial sub-environments. 
 
Figure 29.  Three-well core cross section illustrating sequence stratigraphic concepts applied to eastern Surat 
Basin and the high order of parasequence scale (both fining upwards and coarsening upwards) intra–Walloon 
Subgroup cyclicity. 
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Channel fill association 
The channel environment consists of sediments deposited within active channels via vertical or lateral 
accretion processes.  Channel successions typically exhibit blocky or fining-upward profiles, 
commonly consisting of thalweg (TH) elements overlain by pointbar (PB), abandonment (AB) or 
levee (LV) elements (Figure 30).  Basal contacts are sharp and commonly scour into underlying coal 
or carbonaceous mudstones.  Most channels observed were 5-7 m thick and single storey; evidence 
for occasional channel superposition is inferred from mid-channel breccias and abrupt changes in 
palaeoflow azimuth or depositional energy.  Sandstones are immature, composed predominantly of 
fine-grained litharenites, which suggest limited reworking or close provenance.  Internal scour and 
reactivation surfaces are present, perhaps indicating seasonal events or general flow unsteadiness 
(Bridge and Tye 2000).  The TH member is the most pervasive element (60-70% of the channel 
association) and represents traction deposits from migrating unit bars or simple dunes (Allen 1965).  
TH units are blocky successions of predominantly fine to medium-grained sandstones; minor thalweg 
mud drapes within cross-bedded sandstones can be attributed to flow deceleration in the lee of bar 
faces resulting in preservation of finer-grained material (Allen 1968).  PB deposits can be recognised 
as fining-upward, inclined heterolithic stratified (IHS) units commonly overlying TH elements, and 
are interpreted to be the result of lateral channel migration.  Channel successions typically grade 
upward into thin fine-grained units consisting of vertically accreting laminated mudstones or ripple, 
and cross-laminated siltstones, indicting waning hydraulic conditions during channel abandonment.  
In general, channel successions are 24 - 40% of the WSG, while TH sandstones represent 14 - 27% 
of WSG sediments (Figure 33). 
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Figure 30.  Channel association consisting of thalweg (TH), pointbar (PB), and channel abandonment (AB) 
environments.  a) Saskatchewan River analogue illustrating geometry and spatial relationships of channel 
environment architectural elements.  b)  Core photographs.  c) Core log of typical channel succession (River 
Road 3).  Depth in meters measured depth (m MD). 
Overbank association 
Heterolithic overbank successions comprise sub-environments resultant of periodic floodplain 
inundation. Overbank successions compose 22 – 38% of the WSG and are characterised by thin, 
rhythmically bedded successions of crevasse splay (CS), levee (LV) and floodplain (FP) elements 
(Figure 31). Overall, the succession is dominated (50 - 60%) by fine-grained deposits that are 
composed of horizontally laminated mudstones or ripple-laminated siltstone.  CS elements and their 
feeder channels form initially coarsening-upward then fining-upward lobate bodies oriented 
orthogonally to channel thalwegs (McCabe 1984).  These units can occur as isolated, thin (i.e. <0.2 
m thick) units or more commonly stack into several metre-scale heterolithic amalgamations, 
deposited when river discharges repeatedly breached channel confines.  In the Saskatchewan River 
Basin, a channel avulsion approximately 2000 years BP resulted in the deposition of 6 m of 
amalgamated splay deposits, which buried pre-existing peats (McCabe 1984).  A transition from high-
energy climbing ripple and cross-laminated sandstone to horizontally laminated siltstone and 
mudstone suspension deposits represents proximal to distal relationships within a splay.  Ripple 
laminated fine-grained sandstone and siltstone units directly overlying in-channel sandstones may 
represent levee (LV) deposits (Bridge 1995). LV deposits are observed to form sinuous coarsening 
upward ridges adjacent to channel thalwegs in the South Saskatchewan River analogue, and, while 
volumetrically minor (3 - 5%), thicker amalgamations of these units may form over time.  Incipient 
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palaeosols are observed from the presence of slickensides, carbonate nodules and rootlets; these units 
are poorly developed in the WSG, suggesting rapid flood-plain aggradation and frequent inundation. 
 
Figure 31.  Overbank association consisting of emergent floodplain (EFP), levee (LV), and crevasse splay 
(CS) environments.  a) Saskatchewan River analogue illustrating geometry and spatial relationships of 
overbank architectural elements.  b) Core photographs of typical overbank succession (River Road 3).  c) Core 
log of typical overbank succession (River Road 3).  Depth in meters measured depth (m MD). 
Distal floodplain association 
Distal floodplain sediments compose roughly 25% of the WSG succession and are dominated by mud 
or organic-rich fabrics composed of laminated claystone, carbonaceous mudstone, coal and thin tuff 
beds.  Typical successions are composed of up to 10 m-thick interbedded peat-mire (PM) and open 
lake (OL) elements (Figure 32).  PMs are composed of massive to banded, dull to bright <0.3 m-
thick sub-bituminous coal seams interbedded with carbonaceous mudstones and thin tuffaceous 
layers.  Incipient palaeosols are also present, evidenced by poorly developed pedogenetic textures, 
siderite concretions and slickensides.  Plies may amalgamate into heterolithic seam-groups up to 10 
m thick; individual plies are rarely thicker than 0.4 m.  Palaeobotanical analysis indicates that WSG 
peats formed in conifer forest swamps with shallow water and minimal clastic input, indicative of 
arborescent peat-forming environments (Yago 1996).  Martin et al. (2013) differentiated two classes 
of coals: thicker homogeneous accumulations interpreted to represent forested swamps, and thinly 
bedded heterolithic coal, mudstones and palaeosol cycles interpreted to represent drowned mire 
environments.  PM successions are characterised by an absence of clastic input, and so are thought to 
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have developed in a raised position or distal relative to the channel belt.  OL deposits consist of 3 to 
5 m-thick successions of black laminated shales, which coarsen upward into wave-rippled and 
variably bioturbated siltstones.  The inability to correlate these units suggests limited lateral extent, 
possibly restricting lacustrine environments to interfluve areas. 
 
Figure 32.  Distal floodplain association consisting of peat mire (PM) containing tuff (TF) layers and open 
lake (OL) environments.  a) Saskatchewan River analogue illustrating geometry and spatial relationships of 
architectural elements.  b) Core photographs of typical distal floodplain succession (River Road 3).  c) Core 
log of typical distal floodplain succession (River Road 3).  Depth in meters measured depth (m MD). 
Regional variation 
Constituent environments encountered in the three cored wells are predominantly overbank (44%), 
with lesser proportions of channel (32%) and distal floodplain (24%) deposits.  In general, WSG 
channel successions are relatively thin (usually <6 m) and absent of well-developed point bar (lateral 
accretion) facies (Figure 33).  These observations indicate that large meandering river systems were 
not dominant in the southeastern region of the basin, but these may have been present elsewhere 
within the basin.  
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Figure 33.  Facies proportion statistics extracted from core descriptions. 
An abundance of organic material suggests that riverbanks were vegetated, but the lack of well-
developed palaeosols indicates that floodplains were frequently inundated.  Short periods of 
floodplain exposure were probably punctuated by common flooding events resulting in rapid 
aggradation, thus preventing the development of mature soils.  A mud-rich interval, separating the 
Lower and Upper Juandah Coal Measures, records the ‘deepest’ K-sequence sediments and suggests 
that the rate of accommodation creation peaked during deposition of the upper Lower Juandah Coal 
Measures, after which time subsidence rates gradually slowed throughout the basin.  This terrestrial 
“maximum flooding surface” (MFS) equivalent is present across the study area (except where locally 
removed at the Springbok unconformity) and is a useful datum.  Within the distal floodplain facies, 
systematic changes are observed in coal-seam thickness. Coal-seam thickness increases slightly up 
section and correlates with a well-documented drying-upward trend (increased inertinite macerals) 
described by several previous studies (Sliwa and Esterle 2008; Pacey 2012; Ryan et al. 2012; 
Hamilton et al. 2014).  Maceral trends are corroborated by chemostratigraphic analysis, indicating an 
increasingly wet environment during deposition of the Taroom Coal Measures followed by a relative 
drying upward trend during deposition of the Juandah Coal Measures (Martin et al. 2013).  
Observations from cored wells studied in the southeastern region of the basin were extrapolated to 
772 uncored wells to provide a regional insight into the environmental conditions present during the 
Jurassic.  Channel occurrence and degree of superimposition were observed to decrease in frequency 
from northwest to southeast along the WSG fairway (Figure 35).  In the southeast, channel 
superposition is uncommon, an observation predicted by the numerical models of Mackey and Bridge 
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(1995), which suggest that superposition is unlikely in fluvial systems with channel-to-overbank 
ratios of less than 0.4.  Channel-to-overbank ratios increase from 0.32 in the southeastern area to 0.55 
in the north of the basin, where multi-storey channel motifs are more commonly observed (see Figure 
35). 
 
Figure 34.  a) Channel thickness decreases thickness decreases from NW to SE.  Histogram of channel 
thickness:  1a) North average channel thickness = 12.7 m; 2a) Central region average channel thickness = 7.9 
m; 3a) Southern region average channel thickness = 6.9 m; b) Coal seam thickness decreases slightly from 
north to south.  Histogram of coal seam thickness (in logs using 1.85 g/cc cutoff); 1a) North region average 
seam thickness = 0.55; 2b) Central region average coal seam thickness =0.51 m; 3c) Southern region average 
coal seam thickness = 0.50 m. 
In general, thick and blocky amalgamated channel successions in the northeast give way to isolated 
and comparatively thinner channel successions in the southeast of the WSG fairway.  Similarly, the 
proportion of interburden sand is observed to decrease towards the southeast and west of the basin. 
Increased channel and sand occurrence in the northwest appears inconsistent with published alluvial 
models, which predict that a rapid increase in base level (i.e. areas of increased subsidence) will result 
in predominantly fine-grained successions with isolated channels (Allen 1968; Bridge and Leeder 
1979; Kraus and Middleton 1987).  This apparent contradiction suggests that the thick and channel-
prone WSG section observed in the north of the basin may be related to local structure,  reactivation 
of large-scale tectonic features such as the Burunga-Leichhardt Fault or sediment supply. 
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Figure 35.  North–south cross section through WSG fairway showing gamma–ray logs and channel 
sandstones.  Note increasing channel occurrence and frequency of channel superimposition in the north.   
Channel process, size and orientation from BHI 
The previously described core and wireline log derived environmental classification relies heavily 
upon the identification of fining-upward cycles, first recognised by Allen (1965, 1970) to represent 
deposition in meandering fluvial systems.  Although highly accessible, Bridge (1984) cautions against 
relying exclusively on any such vertical well profiles for genetic classification, as he observes that no 
single facies sequence reliably characterises a particular channel type.  The inability of channels to 
generate archetypal motifs allowing for unambiguous classification reduces some of the vertical 
profile’s utility in identifying specific (i.e. meandering vs. braided) river types.  To overcome these 
limitations, interpretations drawn from borehole image logs (BHI) were used to provide insight into 
the depositional processes operating within a channel. BHI-derived distributions of foreset dip angle, 
azimuth and coset thickness were used to provide information regarding: (1) mode of channel 
migration, (2) bedset thickness (which scales with channel depth), and (3) channel orientation and 
prevailing sediment dispersal direction. 
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Figure 36.  In–channel sandstone facies. a) Trough cross–bedding deposited by migrating linguoid dunes, high 
azimuthal scatter.  b)  Planar tabular cross–stratification deposited by straight–crested dunes, low azimuthal 
scatter.  c) IHS deposited by lateral point bar migration, heterolithic fining upward.  Unidirectional dip 
azimuths if single storey; however multi-directional azimuthal distribution if multi–storied or multiple channel 
successions.  Note the reduction of thickness between TCS bedding (2-3m) and IHS bedding (<1 m). 
Channel migration 
BHI interpretation allowed for the delineation of three distinct in-channel sandstone facies, previously 
unrecognised in core or wireline logs:  
Planar cross-stratified sandstone  
This facies consists of moderate-angle cross-stratified, fine to medium-grained sandstone. Individual 
bedsets are decimetre scale thickness but superimposed cosets can achieve thicknesses of 0.2 - 1.4 m 
and commonly exhibit sharp basal contacts with underlying coal or mudstone units.  Grain size and 
bedset thickness typically decrease upward. Planar cross-stratified sandstone (PCS) can be 
differentiated from other types of cross-bedding by the uniformity of foreset dip magnitude and 
azimuth, in addition to the near horizontal nature of bottom-sets (Figure 36a).  This facies is 
interpreted to have been deposited by the migration of straight-crested two-dimensional (transverse) 
dunes forming tabular cross-bedding, indicative of unconfined or less turbulent flow (Allen 1968). 
Trough cross-stratified sandstone 
Trough cross-stratified sandstone (TCS) is composed of 0.1 - 0.4 m-thick, moderate-angle (0-20o) 
cross-bedded sandstones.  TCS deposits are characterised by cylindrical bounding surfaces as well as 
curvilinear subparallel foreset laminations (Bridge 1984).  In outcrop, this facies is distinguishable 
from planar cross-stratification by the erosive and convex-upward bounding surfaces, which, in BHI, 
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result in a high degree of scatter observed in both foreset-dip magnitude and orientation (Glover and 
Bormann 2007).  Trough-cross stratification is formed under comparatively higher flow regimes than 
PCS (Allen 1970).  Owing to flow separation in the bedform lee, a concave erosion surface forms 
ahead of the three-dimensional linguoid dunes (Allen 1970).  Characteristically large azimuthal and 
dip magnitude scatter are inherent functions of the unit’s curved foresets.   Unlike straight-crested 
dunes, which deposit planar tabular foresets of common dip direction and magnitude, the dip direction 
and magnitude of a convex foreset are influenced by where on the foreset the measurement is 
recorded.  Only when the BHI intersects the exact axis of the palaeo-linguoid dune will the resulting 
sinusoid measure the true dip magnitude and direction.  More commonly, the BHI will intersect a 
limb of the feature, recording an apparent dip direction that is a composite of the foreset shape and 
the true dip direction.  While this artefact will locally introduce high-azimuthal scatter (a useful 
indicator of the facies), these random errors cancel if sufficient measurements are considered (Figure 
36b).  WSG cross-strata (both TCS and PCS) commonly dip at angles much less than 34o, the angle 
of repose for fine-grained sandstones.  While some foreset dip reduction is expected because of 
compaction, the low dip angles observed in the WSG are thought to be more likely a reflection of 
bedform morphology.  Isolated migrating dunes typically produce angle-of-repose cross-
stratification, but unit-bars, large-scale lobate bedforms, which persist through multiple flooding 
events, tend not to (Leeder 1999).  Superimposition of smaller-scale dunes or ripples on the lee slope 
of unit bars may reduce the lee-slope gradient, resulting in the preservation of lower angle cross-
stratification (Reesink and Bridge 2011).  WSG cross-strata are found to dip up to 30 o; with an 
average dip of >16o.  Commonly uniformly high-angle (20-30o) cross-sets are observed and 
recognised as the migration of an isolated dune or the presence of a small cross-bar channel, but 
overall these results suggest that the majority of cross-stratified sands are the product of migrating 
unit bars. 
Inclined heterolithic inclined units 
Inclined stratified units form 0.2 - 2 m thick upward fining point bar successions composed of low-
angle (5 - 12o) inclined strata (Figure 36c).  Unlike cross-strata, inclined sediment laminations are 
generally subparallel to the master bedding plane upon which they are deposited (Mossop and Flach 
1983).  Upward decreasing unidirectional dip distributions are observed within cosets; channel 
superposition may result in a multi-modal distribution of inclined strata.  Point bars migrate laterally 
and in the downstream direction.  Gradual downstream translation of the pointbar results in a 
proximal-to-distal fining and a subtle up-section rotation in dip direction (Labrecque et al. 2011).  
Lateral pointbar expansion occurs, as helical flow causes current deceleration on the convex side of 
a channel bend (Allen 1970), which allows sediments to be preferentially deposited on a channel’s 
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inner bank (Friend et al. 1979).  This laterally gradational accumulation results in a master 
accretionary surface that dips towards the channel thalweg.  Deposition varies between suspended-
load fine material under low-flow conditions, while during periods of higher discharge, small-scale 
dunes migrated across the lower point bar emplacing cross-stratified (TCS or PCS) sandstones 
(Mossop and Flach 1983).  Over time, these autocyclic fluctuations in river discharge result in the 
preservation of normally graded and shallowly inclined heterolithic amalgamations consisting of 
decimetre-scale coarse-to-fine couplets (Figure 36c). 
Composite WSG channel successions 
The in-channel sandstone facies (Figure 36) are the primary building blocks of WSG fluvial 
successions, but WSG channel successions were rarely observed to be monotypic.  Bridge (1984) 
describes fluvial processes as a continuum in which channel character transitions over time and space, 
responding to fluctuations in hydraulic conditions.  This natural variation results in WSG channel 
successions that are composed of multiple facies types; the relative proportions of these reveal the 
dominant fluvial conditions and mode of channel migration. Successions composed exclusively of 
TCS and PCS facies are thought to reflect predominantly aggrading channels (Figure 37a), whereas 
successions composed of IHS are interpreted to represent lateral channel migration (Figure 37b) 
(Allen 1965).  Composite fining-upwards successions of cross-bedded thalweg strata overlain by IHS 
sediments are recognised by Allen (1970) as the hallmark of a meandering river system (Figure 37c).  
Identification of lateral accretion deposits generally confirms the presence of a meandering river 
system but Jackson (1977) documents several meandering systems in which IHS may not be 
preserved or identifiable.  For this reason, caution was exercised when precluding the possibility of a 
WSG meandering river system based solely on the absence of IHS.  In contrast, blocky channel 
successions composed exclusively of TCS or PCS sandstones likely indicate that vertical channel 
accretion dominated and suggest deposition in straight (rarely observed in modern systems) or 
anastomosing channel systems (Collinson 1978).  The mode of channel migration was observed to 
vary across the basin.  Wells in the north contain higher proportions of meandering channel facies 
(IHS), while wells in the south were dominated by aggradation (TCS and PCS) indicating 
anastomosing or distributive fluvial systems dominated here (Figure 38a). 
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Figure 37.  Three typical Walloon Subgroup channel successions.  a. Multistorey channel with trough cross–
stratified sandstones.  Blocky gamma ray profile with sharp (erosive) basal contact with underlying coal.  b. 
Meandering channel with thin (~1.5 m) basal thalweg breccia overlain by IHS deposits. Serrated and fining 
upward gamma–ray profile.  c. Meandering channel deposits with thalweg fill (aggradation) overlain by IHS 
(lateral accretion).  Blocky at base with fining–upward gamma–ray profile.   
Sediment dispersal 
Palaeocurrent orientation interpretations are drawn from distributions of dip orientation 
measurements collected from the foresets of various WSG barforms.  BHIs are the preferred tool for 
palaeoflow reconstruction, as they allow for an unbiased and structurally corrected high-resolution 
data set. Outcrop is another useful source of palaeocurrent information, but these data may be 
influenced by preferential outcrop exposure or orientation.  Scours, sole marks, gutter casts and clast 
imbrication can provide flow direction information but are generally not resolvable in BHI.  
Application of a genetic facies scheme is an important prerequisite for palaeocurrent reconstruction 
as the relationship between bedding plane dip and flow direction varies by barform, with a general 
distinction made between vertically and laterally accreting barforms.  Laterally accreting pointbar 
strata generally have a palaeoflow orientation orthogonal to the overriding bed-dip direction as the 
master accretionary surface dips towards the channel centre (Labrecque et al. 2011).  In contrast, 
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downstream translation of dunes or unit bars usually results in foresets dipping approximately parallel 
to the prevailing flow direction.  
Interpretations in this study are drawn from a dataset of 13 035 manually and automatically 
interpreted sinusoids (Table 4) representing in-channel cross-stratification, inclined stratification, 
scours and bounding surfaces.  Mudstone and coal-seam strata were found to be generally flat (<2o 
dip) with structural corrections applied to convert apparent to true dips.  Image enhancement and 
normalisation routines were run as required to correct for borehole conditions such as washout, casing 
points, stuck pads and well deviation.  For quality assurance, walkout plots were created for each 
well. From this dataset, spatially varying sediment dispersal orientations were interpreted within the 
eastern Surat Basin (Figure 38a).  In the north of the basin, a strong southward orientation is recorded. 
Wells closest to the subcrop edge show flow oriented towards the west, while wells downdip show 
flow oriented generally south to southeast.  Along the northeastern margin of the basin, palaeoflow 
appears to be towards the south and west. 
Previous investigations suggesting a multitude of drainage orientations for the WSG are drawn from 
mapping (Exon 1976), lithofacies analysis (Sliwa and Esterle 2008; Hamilton et al. 2014), and 
outcrop measurements (McKenzie 1979; Yago 1996; Fielding unpublished) in the Surat and 
Clarence-Moreton basins.  From isopach mapping, Exon (1976) suggested that palaeoflow was 
towards the north and east.  Field measurements from outcrops located in the northeast of the Surat 
Basin near Wandoan recorded westward- (Yago 1996) and southward- (McKenzie 1979) oriented 
palaeoflows. Further north near Taroom, field data recorded by Fielding (unpublished but referenced 
in Yago 1996) also suggest a westward-oriented system.  In the Clarence-Moreton Basin, the same 
study documented a predominantly east-, west- and northwest-oriented system, inferring the presence 
of a south-oriented, trunk drainage (Yago 1996).  In the north, our interpretations are somewhat 
consistent with those of Yago (1996) and Fielding (unpublished), as wells located close to the WSG 
subcrop (e.g. Dundee 13) show strongly oriented southwestward flow.  The southerly and southeast-
oriented flow measurements near the Kumbarilla Ridge agree better with the southeast-prograding 
system suggested by Leblang et al. (1981) or by Hamilton et al. (2014). 
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Figure 38.  a) Palaeoflow distribution.  b) Proportion of BHI facies per well. 
Channel size 
In addition to providing insight into mode of channel migration, BHI statistics allow for determination 
of cross-set thicknesses, which can be related to flow depth and channel width.  
 
Table 4.  Statistics of cross and inclined bed sinusoids from wells with BHI logs. 
 
Well 
Average 
Dip Angle 
Dip 
Standard 
deviation 
Average 
Dip 
Azimuth 
Azimuth 
Standard 
deviation 
n 
            
Rostock 1 10.5 3.5 146.6 51.7 555 
Noonga Creek 1 14.2 5.3 180.5 89.7 3661 
Coxon Creek 14 8.3 4.3 174.7 93.0 835 
Dundee 13 16.1 5.7 226.1 85.6 746 
Dalwogan 12 15.2 5.0 224.2 94.7 2614 
Zig Zag 9 13.7 4.9 200.6 84.3 918 
Waar Waar 15 13.8 4.3 171.9 83.5 1086 
David 12.3 4.3 183.6 89.7 1336 
Clunie 13.9 5.5 182.1 101.9 1284 
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From BHI interpretations, distributions for cross-set thicknesses were developed.  Fluvial studies, in 
particular flume-based experiments have demonstrated that cross-set thickness (Sm) is a reflection of 
bedform height (bm), which scales to channel depth (dm) during bankflow conditions (Allen 1965).  
Empirical relationships relating cross-set thickness to water depth and then channel width are drawn 
from flume experiments or modern analogues (Yalin 1964; Allen 1970; Bridge and Tye 2000).  The 
following equations and ranges were applied to develop a theoretical range for WSG channel 
geometries: 
bm = αβ  (1a) 
β = Sm/1.8 (1b) 
α = 4–8 (1c) 
6 < dm/bm < 10  (2) 
Minimum Cbw = 59.9dm1.8  (3a)  
Maximum Cbw = 192dm1.37 (3b)  
The average cross-set thickness (Sm) from BHI analysis (Figure 39a) was found to be 0.46 m 
(standard deviation of 0.21) in the northernmost three BHI wells (Coxon Creek 14, Noonga Creek 1 
and Dalwogan 12) decreasing to 0.33 m (standard deviation of 0.18) in the southernmost three BHI 
wells (Clunie, Waar Waar 15 and Zig Zag 9).  Applying equation 1 (Mackey and Bridge 1995) gives 
average bar heights of 1.1-1.7 m (assuming α = 6), which relates to mean bankfull discharge depths 
of 6.6 - 15.3 m (equation 2; Allen 1970).  This estimate generally agrees with the average channel 
depth (5.7 m) estimated through application of Walther’s Law using the channel thickness histograms 
presented in Figure 39b (assuming channels are in equilibrium).  If bankfull depth were taken to be 
6.6 - 15.3 m then average flow depths are likely 3.3 - 7.6 m, which equate to channel width (Cbw) 
ranges varying from 513 - 1984 m in the south to 934 - 3127 m in the north.  These values are generally 
consistent with outcrop studies that describe channel widths ranging from several hundred metres to 
a few kilometres (McKenzie 1979; Yago 1996).  More recent studied (Blum and Tornqvist 2000) 
suggest that rivers of similar thickness may have a smaller widths, ranging from 100 – 300 m. 
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Figure 39.  a) Distribution and CDF of cross–set thicknesses resolved in BHI.  Wells in the north of study area 
are warm colours, wells in the south of the study areas are cool colours.  b) Average channel deposit thicknesses 
from core and FMI. 
DISCUSSION 
This study considers interpretations drawn from a variety of datasets to provide regional insight into 
the spatial and temporal organisation of the WSG alluvial system.  Interpretations were developed 
through the study of systematic variations in key parameters; namely the proportion and character of 
architectural elements, the ratio of aggradation vs. lateral channel fill, sediment dispersion orientation, 
degree of channel superposition and in-channel bedset thickness.  Interrogation of these models 
(Figure 40) suggests that over space and time, the WSG represents a continuum of fluvial styles 
owing to gradual variations in accommodation space and sediment supply. 
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Figure 40.  Statistics extracted from the WSG numerical facies models (upscaled cell from wells only, wells 
= 772).  a) Temporal variations though the WSG showing a relative increase in fine–grained fabrics 
corresponding to a basin–wide MFS event.  b) Spatial variations in channels and lithofacies; proportion of 
channels and sandy interburden is observed to decrease from northwest to southeast. 
Spatial variability 
The eastern Surat Basin WSG fairway extends for approximately 200 km from Wandoan to Dalby 
with considerable variability in alluvial character observed.  Along the basin’s eastern subcrop edge, 
a predominance of thin and blocky, west-oriented channels suggests the presence of a tributary system 
sourced from the eastern flank of the basin.  These areas contain facies indicating that vertical channel 
aggradation dominated, as evidenced by PCS/TCS successions with rare or weakly developed multi-
storeys.  In the north of the basin, large (average calculated valley width of ~2000 m) meandering 
fluvial systems prevail as evidenced by thick, stacked and fining-upward channel motifs composed 
of thalweg-fill overlain by well-developed lateral accretion deposits.  Further south, channels are 
single-storey, progressively smaller (average calculated channel width ~1200 m) and less common.  
In general, the large laterally migrating channel forms present in the north appear to transition to 
smaller, vertically aggrading channels in the south.  This shift in fluvial styles likely records a north-
to-south (proximal-to-distal) change from a well-established meandering system to smaller 
anastomosing or distributive fluvial systems, although the coexistence of multiple channels cannot be 
proven.  With increasing data in the centre of the basin, this view could change. 
Analysis of numerical lithofacies models (Figure 40b) highlights the proximal-to-distal relationships 
observed from NW to SE and lends support to the southeast-oriented drainage model proposed by 
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Sliwa and Esterle (2008) and Hamilton et al. (2014).  The thickest and most sand prone WSG 
successions are observed north of the Burunga-Leichardt fault, a major thrust fault that initiated in 
the Permian.  The concurrence of this tectonic feature with a marked change in WSG character 
suggests that reactivation of this fault influenced Jurassic sedimentation.  Typically, rapid basin 
subsidence is associated with thick and predominantly fine-grained alluvial successions; however, 
the WSG succession north of the Burunga Fault is thick but anomalously sandstone rich.  This 
observation suggests that while the north was likely an area of increased subsidence (and hence 
thicker WSG section), reactivation caused uplift of the New England Orogen in the hanging wall of 
the Burunga Fault, shedding a higher proportion of coarse-grained sediments into the basin.  This 
interpretation is supported by palaeoflow information from an adjacent well (Dalwogan 12), which 
indicates that WSG palaeoflow was oriented westward, perpendicular to the fault.  Along the 
northeastern margin of the basin, palaeoflow appears to be towards the south and west    (Figure 38a).  
WSG channel successions here are comparatively thinner and composed of predominantly vertically 
aggrading facies and may represent tributaries of a larger drainage system.  In the north (near the 
Nebine Ridge), the interpretation supports a south-oriented drainage, which aligns with basin 
structure, and does not preclude the centripetal drainage model proposed by Yago (1996).  This 
interpretation also supports previous hypotheses that the Nebine Ridge was a positive topographic 
structure in the Jurassic and perhaps an area of provenance for WSG sediments (Swarbrick 1973).  
Further south (near the Kumbarilla Ridge) the south-oriented palaeoflow supports the southeastern 
trunk drainage model and McKenzie’s (1979) inference that the Surat Basin was open to the Clarence-
Moreton Basin.  Despite onlap of the lower Jurassic Precipice Sandstone onto the Kumbarilla Ridge, 
it is possible that by the middle to late Jurassic, the ridge was no longer a significant topographic 
feature and exerted limited structural control upon the WSG fluvial system (Green et al. 1997).  The 
southerly and southeast-oriented flow components recorded in this previously unstudied area pose a 
significant departure from the existing Surat Basin internal drainage palaeogeomorphological 
interpretation (Yago 1996) but are consistent with the notion of a basin that is open to the southeast 
and has a connection to a south-oriented trunk drainage system in the Clarence-Moreton Basin. 
Temporal variability 
The WSG sedimentary section is stratigraphically subdivided into two system tracts: (1) an upward-
fining TST from the Durabilla Formation to the Lower Juandah Coal Measures; and (2) a coarsening-
upward HST from the Upper Juandah Coal Measures to the Springbok Unconformity (Figure 40a).  
Separating these two systems is a mudstone-rich basal Upper Juandah Coal Measure interval 
containing a MFS, reflecting the ‘deepest’ or most waterlogged conditions of the K-sequence.  Within 
systems tracts, certain commonalities are observed with respect to channel character.  BHI analysis 
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reveals that while all wells contained some degree of both laterally and vertically accreting channel 
components, the relative proportions of these varied over time, reflecting a systematic variation in 
fluvial styles.  In the TST and in wells located in the southern part of the study area, vertical channel 
aggradation is dominant, likely reflecting high rates of accommodation space creation.  In the north 
(observed in wells Coxon Creek 14, Rostock 1, and Noonga Creek), the relative proportion of lateral 
accretion fabrics is found to increase upwards in the HST and is attributed to an increased proportion 
of meandering channels in the HST relative to the TST.  Although somewhat obscured by spatial 
variations, in general the TST was observed to contain a higher degree of blocky, vertically aggrading 
channel motifs, which were replaced by fining-upward IHS dominated channels in the HST.  These 
trends appear to be regional and thus are attributed to extra-basinal controls, probably the rate and 
timing of basin subsidence (Willis and Bridge 1988).  
 
Figure 41.  Palaeogeography model of the WSG in the eastern Surat Basin (not to scale).  Meandering rivers 
in the north give way to a distributive or anastomosing system in the south.  Synthesis of interpretations 
suggests the presence of a SE oriented drainage fed by westward flowing tributaries. 
Overall these findings support the model for a single WSG depositional sequence (Figure 40).  The 
Tangalooma Sandstone and other intra-Walloon coarse-grained units (i.e. Juandah and Condamine 
sandstones) were investigated as smaller-scale sequence boundaries occurring within the K-sequence, 
potentially reflecting minor climatic or tectonic variations.  These higher-order sequence boundaries 
would be expected to be regional, time-equivalent surfaces and are commonly accompanied by 
diagnostic changes in texture (grainsize, mineralogy, etc.) or are associated with significant erosion 
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(Olsen et al. 1995).  The Tangalooma Sandstone was previously recognised as a regionally 
correlatable sand sheet throughout the study area (Yago 1996).  However, more recent studies have 
suggested that the unit is not pervasive across the basin and, when present, is likely diachronous 
(Hamilton et al. 2012; Sliwa et al. 2014).   
Parasequence-scale intra-WSG cyclicity was observed in core and logs, with a typical cycle 
consisting of a ~50 m fining-upward succession of channel sandstones, overlain by overbank 
heterolithics and finally PM or distal floodplain coals or shales.  While tempting to link these cycles 
to extra-basinal events, a higher-resolution internal subdivision of the WSG was abandoned owing to 
an inability in confidently recognising allocyclic controls.  Correct application of sequence 
stratigraphy depends on reliably differentiating allocyclic from autocyclic events (i.e. sequence 
development owing to tectonic or climatic changes vs channel avulsion) (Catuneanu et al. 2011).  
Without the benefit of age dates or robust chronostratigraphic datum, it was not possible to 
demonstrate that the cycles or discontinuities observed in core reflect extra-basinal control.  For this 
reason, higher-order internal WSG cycles were not defined. 
The spatial and temporal variations in palaeogeography developed herein can be used to develop 
predictions regarding PM (and hence CSG reservoir) orientation, vertical and lateral continuity, and 
quality.  PM environments present in the WSG have been described as ‘channel hugging’, i.e. 
controlled by the geometry and orientation of the palaeo-rivers.  In this context, an overall southeast-
oriented drainage system may result in NW-SE-elongate, peat environments and CSG reservoirs. 
During highstand periods in the north, large and well-established meandering rivers perhaps allowed 
for the development of expansive stable interfluve areas upon which peat-forming vegetation 
colonised.  Infrequent channel avulsion reduced the chance of clastic influx into PMs, perhaps 
allowing thicker and more homogenous, low ash coals to develop (Figure 34b).  Further south and 
during the deposition of the TST, rapid aggradation results in an anastomosing fluvial system where 
interfluvial areas are likely smaller, and frequent channel avulsion can result in episodic inundation 
of mire environments.  The result is a high likelihood for smaller and more stratified coal pods 
containing higher inorganic mineral content that are predicted to be generally poorer CSG reservoirs, 
having limited lateral extents, poorer-quality coal (higher ash), and increasingly vertically 
compartmentalised (heterolithic) reservoirs.  These hypothesis will be further explored in the 
following chapter. 
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CONCLUSION 
The WSG depositional system is complex with spatial and temporal fluctuations in the fluvial process 
reflecting subtle variations within an overall alluvial environment.  Towards the central north regions 
of the basin, the identification of channel successions dominated by lateral accretion deposits 
indicates the presence of south-oriented meandering channels.   In the southeast, fluvial successions 
are dominated by smaller-scale vertically aggrading channel deposits, interpreted to represent 
sediments of a southeast-oriented anastomosing or distributive fluvial system (Figure 41).  These 
interpretations are supported by north-to-south proximal-to-distal facies relationships observed in 
channel character and frequency, degree of channel deposit superimposition, interburden sandstone-
to-mudstone ratios and bedset thickness.  Along the subcrop edge, west-oriented tributary channels 
were recognised, which fed the south-oriented anastomosing or meandering system from the basin’s 
eastern margin.  
At the outset of this study, two competing drainage hypotheses (centripetal vs southeasterly drainage) 
were presented as irreconcilably opposing positions.  Our investigation has revealed more 
commonalities than expected between these two models.  Localised palaeoflow directions were 
observed in both westward and southward orientations, indicating that both models lie within the 
ambit of reality.   Regional synthesis of multiple datasets suggests that an overriding southeast-
oriented drainage is the palaeogeographic model most consistent with the interpretations developed 
in this study. 
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This paper uses a high-resolution 3D seismic dataset and accessory well bores to characterise the 
alluvial architecture of the WSG at local scales.  The work defines templates describing the size, 
geometry and orientation of alluvial sub-environments present within the WSG.  Models developed 
using the seismic dataset are interrogated to explore the controls upon alluvial organisation, revealing 
the influence of compensational stacking in the WSG.  This study is designed to address research 
theme 3, outlined in the RESEARCH OBJECTIVES & THESIS STRUCTURE section.  This 
chapter includes minor revisions which were made to the published version of this paper to promote 
continuity throughout this thesis. 
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ABSTRACT 
The sedimentology of the Walloon Subgroup (WSG) has been extensively studied; however, gaps 
exist in our understanding of the succession’s alluvial architecture and the mechanisms controlling 
its complex internal organisation. Successful coal-seam gas development in the Surat Basin requires 
the construction of predictive facies models, which in turn necessitates a fulsome understanding of 
the geometry and controls on the spatial and temporal distribution of alluvial sub-environments. To 
improve our models of WSG facies, this study employs an open-source high-resolution 3D seismic 
dataset available on the western limb of the Surat Basin. Integration of core, wireline and seismic data 
has resolved the geometries of four discrete alluvial architectural elements, representing simple 
channel, channel belt, crevasse splay complexes and peat-mire sub-environments. Channel belts were 
found to be 1600–2000 m wide, simple channels 400–800 m in width and crevasse splays averaging 
3.5-5.5 km. Coal bodies mapped from seismic attribute extractions were found to be 4.2 km2 on 
average. The high-resolution dataset has also yielded insight into the geological controls governing 
the spatial and temporal distribution of these sub-environments, explaining, in part the mechanisms 
responsible for the complex internal distribution of facies within the WSG. In places within the study 
area, the WSG’s sedimentary organisation appears to be initiated by the rejuvenation of deep-seated 
tectonic features, the expression of which is propagated upward via the mechanics of compensational 
stacking. 
Key words: Coal measures, Walloon Subgroup, differential compaction, seismic facies, Surat Basin 
 
INTRODUCTION 
The Walloon Subgroup (WSG) is a prolific coal seam gas (CSG) reservoir, containing 33,000 
petajoules of proven and probable gas reserves (DNRM 2016).  Over the past two decades this 
resource has gained increasing economic significance to Queensland and currently underpins three 
large CSG to liquefied natural gas (LNG) export projects operating along the Australian east coast.   
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The sedimentology of the WSG is well studied, and over the past few decades a coherent alluvial 
plain facies model has emerged and been tested repeatedly (Exon 1976, Yago 1996, Ryan et al. 2012, 
Martin et al. 2013).  Despite consensus regarding the WSG’s regional depositional setting, significant 
gaps exist in our understanding of the subgroup’s internal architecture including the geometry and 
occurrence of sub-environments as well as the geological controls which governed the distribution of 
alluvial facies including coal deposits.  Along the eastern margin of the Surat Basin the WSG subcrops 
and numerous subunits or individual seams are exploited in open-pit coal mining operations.  Mine 
site datasets reveal a complex internal organisation characterised by frequent interactions between 
clastic and organic facies (e.g. seam splitting) that are difficult to predict (Leblang et al. 1981, 
Fielding 1993, Yago and Fielding 1996).  Owing to this complexity, the reservoir scale architecture 
of the WSG remains poorly delineated and the mechanism(s) controlling para-sequence scale 
sedimentation in the Surat Basin are unclear.   
Prior investigations have proposed a link between the overall Jurassic sedimentary cycles and the 
reactivation of deeper seated tectonic elements (Scott et al. 2007), whereas others have suggested that 
WSG cycles are autogenically governed via compensation stacking (Leblang et al. 1981).  In an 
alluvial context, compensational stacking refers to the tendency for channels to exploit local 
topographic gradients created by differential compaction (Allen 1979, Straub et al. 2009, Hofmann 
et al. 2011).  Compaction, the ratio between the original thickness of strata as deposited at the surface 
and the resulting thickness once buried in the subsurface, is governed by a rock unit’s initial thickness, 
the encountered effective stress, and lithology (O’Connor and Gretener 1974).  A fluvial application 
of compensational stacking is described in Allen’s (1979) channel avoidance model which observed 
that abandoned channels compact comparatively less than adjacent fine grain floodplain deposits and 
form positive topographic features early post-burial.  Subsequent channels are therefore unlikely to 
reoccupy these positions and instead tend to avulse to adjacent topographically lower areas on the 
floodplain.  In contrast to the uncorrelated channel organisation models described by earlier workers 
(e.g. Leeder 1978), these periodic fluvial reorganisations result in a non-random spatial distribution 
of channels across an alluvial plain over time.  As subsidence continues, compensational stacking 
works to evenly fill in topographic lows resulting in uniform aggradation patterns on a basin-wide 
scale (Staub et al. 2009).  Documented peat-to-coal compaction ratios can exceed 10:1 while those 
for sandstone lithologies are typically less than 2:1 (Ryer and Langer 1980, Shearer et al. 1994, 
Widera 2015).  The highly compressible nature of organic lithologies coupled with the rapid lateral 
facies changes characteristic of alluvial environments results in differential compaction acting as a 
significant control upon the palaeogeographic organisation of peat-forming environments (Zaritsky 
1975, Laws 1976, Nadon 1998, Long et al. 2006, Van Asselen et al. 2009, Van Asselen 2011, Flores 
2013).   
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Existing CSG facies models in the WSG are derived largely from inter-well correlation of core-
calibrated wireline log motifs; however owing to the WSG’s heterolithic and laterally discontinuous 
nature, these correlations are uncertain even at relatively proximal well spacing (Leblang et al. 1981).  
Using a publicly available 3D seismic survey and accessory borehole information, this paper aims to: 
(1) present templates for WSG architectural element geometries and (2) investigate the local controls 
upon the palaeogeographic organisation of the WSG depositional system.  The first objective 
quantifies the spatial relationships, dimensions, geometry and orientations of respective WSG alluvial 
architectural elements allowing for improved facies models and a better understanding of lateral 
reservoir connectivity.  Seismic extractions of alluvial architecture can also be used as training 
images, eliminating the reliance on analogues for facies models constructed using multi-point 
statistical techniques (MPS).  Once defined, the stacking patterns and spatial relationships of the 
architectural elements were interrogated to explore the possible controls on the WSG’s depositional 
organisation.  Ultimately, insight into the mechanics of alluvial stacking can form the basis for the 
future development of WSG specific processes modelling techniques or workflows.   
 
GEOLOGICAL SETTING 
This study focuses on the western flank of the Surat Basin, a large Mesozoic basin extending for over 
270 000 km2 in eastern Australia.   To the west, the basin is continuous with the Eromanga Basin 
across the Nebine Ridge whereas the eastern margin onlaps Devonian – Triassic aged orogenic 
complexes (Ryan et al. 2012).  During the Middle Jurassic the Surat Basin underwent relatively 
uniform subsidence attributed to either displacement along a subduction zone active on the eastern 
margin of the Australian continent (Korsch et al. 2009) or thermal subsidence within a stable 
Mesozoic craton (Yago 1996).  While the Jurassic was a period of relative structural quiescence in 
the Surat Basin, it is bounded by major tectonic contractions in the Triassic and mid Cretaceous.  
These events, termed the Goondiwindi and Moonie events respectively (Korsch et al. 2009) resulted 
in the propagation of the Leichhardt-Burunga and Moonie-Goondiwindi fault systems which 
originate in the underlying Bowen Basin and extend upwards into the Cretaceous.  When present, 
structural features in the Surat Basin are usually associated with reactivation of these Permo-Triassic 
features; however, the mechanics and timing of Jurassic structuration are poorly understood 
(Hamilton et al. 2014).  Scott et al. (2007) suggests that thinning of the WSG section over structural 
highs indicates that these features existed or were perhaps forming during the Middle Jurassic; 
however, others propose that they formed much later, during the Late Cretaceous to Eocene (Ryan et 
al. 2012). 
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The WSG marks the late transgressive (TST) to highstand (HST) systems tracts of the second Jurassic 
sequence, termed the K-Sequence by Hoffmann et al. (2009).  This succession fines upwards from 
the erosive base of the Hutton Sandstone, which denotes the K super-cycle sequence boundary 
(Figure 42).  As accommodation rates gradually increased during the early TST, the Hutton 
Sandstone transitioned from an amalgamation of braided channels to a system composed of 
occasional meandering channels encased in fine-grained flood basin sediments represented by the 
Durabilla Formation, the oldest member of the Injune Creek Group (Exon 1976).  The WSG grades 
upwards from the heterolithic Durabilla Formation before being unconformable truncated by the 
Springbok Sandstone, the base of which denotes the subsequent (L) sequence boundary (Hoffmann 
et al. 2009).  Conceptual depositional models for the WSG vary from a centripetally oriented internal 
drainage (Yago 1996) to southeastward prograding system (Hamilton et al. 2014, Shields and Esterle 
2016).  Irrespective of palaeogeographic model, the WSG is largely agreed to represent a heterolithic 
succession of channel, overbank, and peat-mire environments deposited on a vast alluvial plain 
(Martin et al. 2013).   
Since the mid-1970’s, multiple internal WSG stratigraphic nomenclatures have evolved in response 
to increased economic interest in the formation.  Jones and Patrick (1981) refined the early model of 
Swarbrick et al. (1973) to propose a four-part framework, informally naming upper and lower coal 
prone packages of the WSG the Juandah and Taroom Coal Measures respectively, separated by the 
barren Tangalooma Sandstone.  Scott et al. (2007) further subdivided the Juandah and Taroom Coal 
Measures into nine informally named seam-groups, each comprising a <10 m-thick amalgamation of 
coal, carbonaceous mudstone, claystone, and tuff inferred to represent sustained peat forming 
environments.  The Upper Juandah Coal Measures comprise the Kogan, Macalister and Nangram 
seam-groups which are separated from the Lower Juandah seam-groups (Wambo, Iona and Argyle) 
by the Wambo Sandstone (Ryan et al. 2012), also referred to as the Juandah Sandstone (Sliwa and 
Esterle 2008).  The Taroom Coal Measures can be further subdivided into the Argyle, Bulwer, and 
Condamine seam-groups (Scott et al. 2007).  Regional application of this framework has been shown 
to be problematic (Martin et al. 2013); however, it remains locally useful to delineate parasequence 
scale cycles. 
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Figure 42.  Stratigraphic column of the Surat Basin (Scott et al. 2007, Hoffmann et al. 2009, Wainman et al. 
2015).  Red lines indicate major sequence boundaries (J,K,L). 
 
STUDY AREA & DATABASE 
This study is based on the Myall Creek seismic dataset, an open-source 107 km2 3D survey located 
on the Roma Shelf, a productive CSG area present along the northwest limb of the Mimosa Syncline 
(Figure 43).  The survey was acquired by dynamite in 2004 and underwent pre-stack time migration 
to image the Late Permian Tinowan Formation.  Intersecting this survey are 19 wells containing open-
source wireline log datasets of varying completeness, six of which contain checkshots.  No WSG core 
is available from within the study area; however, 817 meters of drill core from three wells (Stratheden 
4, Long Swamp 2 and River Road 3) located on the eastern side of the basin was used to calibrate 
wireline log motifs for wells located within the study area (Figure 43). 
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Figure 43.  Study area and dataset.  Inset map to right shows Top Rangal structure and geometry of seismic 
survey, blue lines on the inset map indicate inline (north-to-south) and crossline (east-to-west) orientations 
(CI=20 ms). 
Regionally, the northwestern flank of the Surat Basin dips gently southeast towards the Surat Basin’s 
central axis, the Mimosa Syncline; however, within the study area, a broad southeastward plunging 
anticline was mapped in the seismic survey.  This structure (informally referred to as the Balonne 
Nose) is roughly parallel with the Comet Ridge, a similar anticlinal structure located approximately 
50 km to the north which is believed to have formed during the Late Cretaceous in response to 
reactivation of the Hutton-Wallumbilla thrust fault system (Ryan et al. 2012).  Superimposed on the 
Balonne Nose are three orthogonally oriented Permian fault blocks, referred to from north to south 
as the Horseshoe, Gambier Park and Ogilvie Creek structures (Figure 43).  Each structural complex 
is clearly defined by fault systems originating in the underlying Permian aged Bowen Basin. 
WSG SEDIMENTARY ARCHITECTURE 
The Walloon Subgroup is well documented as a terrestrial succession composed of fluvial, floodplain, 
and peat mire sub-environments (Exon and Burger 1981).  For a more in-depth sedimentological 
discussion readers are referred to Yago (1996) or Martin et al. (2013).  The classification presented 
in Figure 44 is based on sedimentological descriptions taken in three cored wells (Stratheden 4, Long 
Swamp 2 and River Road 3) located on the eastern margin of the Surat Basin (Shields and Esterle 
2015). 
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Channel forms 
Channel forms consisting of simple isolated channels and multi-storied channel belts were recognized 
in core calibrated wireline log motifs (Figure 44).  Simple channels are described as units 6-8 m thick 
containing sharp bases and fining upwards.  These are interpreted as single-storey fluvial channel-
fills deposited in a meandering to anastomosing fluvial system.  Complete simple channel successions 
contain thalweg deposits composed of conglomeratic or medium-grained sandstones, which fine 
upwards into heterolithic pointbar deposits before being capped with horizontally laminated 
abandonment mudstones.  In contrast, compound channels are 10-18 m thick units characterized by 
sharp bases and clean, blocky gamma ray signatures.  Evidence for channel superimposition and 
reworking is observed in cores including mid channel scours and breccias. These units are interpreted 
as multistoried channels deposited within a sustained fluvial (channel belt) environment.  
Crevasse splay complexes 
Crevasse splays are lobate sheet-like deposits which form as a channel breaches its banks and releases 
unconfined load onto the surrounding floodplain (McCabe 1984).  Adjacent to the channel breach the 
facies can be recognized by an initially coarsening then fining upwards motif resulting from waxing 
then waning depositional energy (O’Brien and Wells 1986).  Ripple cross-lamination, climbing 
ripples, scour and fill structures and soft sediment deformation are indicative of high rates of 
deposition within a proximal splay environment.  Further from the splay apex the unit presents a 
fining upwards motif dominated by intercalated horizontal laminations of fine-grained sand and silt. 
These elements are thin but laterally extensive and exhibit a proximal to distal fining relationship.  
Individual crevasse splays are typically less than 2 m thick; however amalgamated splay complexes 
have been observed to form 5-8 m thick heterolithic units characterized in wire logs by a serrated 
gamma-ray response (Figure 44). 
Peat mires 
Peat mires are informally classified into amalgamated and heterolithic peat mire classes (Figure 44).  
Amalgamated peat mire bodies consist predominantly of thick, low ash and homogeneous coal plies 
which contain relatively little clastic material.  These units are characterised by thick individual coal 
layers (often >1 m) that have low density values (<1.6 gcc-1) in logs.  In seismic sections, they express 
a mounded appearance, often forming as multiple seams coalesce.  Their geometry from seismic 
combined with their low ash character suggests these coals formed (possibly as domed peats) in 
topographically elevated or distal areas of the floodplain which were protected from active clastic 
depositional environments.  It is inferred that the genesis of such beds was related to long term 
stabilization of peat forming conditions, in which peat auto-compaction probably played a role 
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(Volkov 2003).  In contrast, heterolithic coals were observed to compose <10 m thick seam-groups 
composed of organic lithologies intercalculated with fine grained clastic or extrusive volcanic 
sediments. These successions are characterised by the predominance of thin (<0.4 m) dull to bright 
sub-bituminous coal plies with density values ~1.8gcc-1.  Their heterolithic nature suggests episodic 
flooding and exposure events, resulting from cyclical interplay between peat production and 
accommodation space within a mire environment (Diessel 1992, Bohacs and Suter 1997, Wadsworth 
et al. 2002).  Thin tuffaceous layers (<0.5 meters thick) accumulated as the standing water within the 
mire allowed for air-fall volcanic ash to be preserved with minimal reworking (Martin et al. 2013, 
Yago 1996).  These coals are suggested to have formed in “channel hugging” peat mires present in 
inundated interfluve areas adjacent to active fluvial environments (Troup, 2009 cited in Hamilton et 
al. 2013). 
 
   
Figure 44.  WSG Architectural elements.  Motifs used for the calibration of architectural elements between 
cored descriptions and wireline logs. 
 
METHODOLOGY 
This study applies a comprehensive workflow integrating core description, stratigraphic correlation 
and seismic interpretation.  Seismic investigation began with the construction of synthetic 
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seismograms for the six wells within the study area which had available check-shots.    The reflection 
coefficient series was calculated using density and sonic logs and then convolved with an extracted 
wavelet to produce a predicted seismic response along the length of the well (Figure 45).  These 
synthetic seismograms were converted to two-way time (TWT) using the velocity profiles from the 
check-shots and compared against the acquired seismic volume in TWT.  Ultimately this calibration 
enabled stratigraphic events observed in the wells to be correlated with seismic reflections in TWT, 
allowing for stratigraphic features identified from well logs to be mapped laterally in the seismic 
dataset. 
 
 
Figure 45.  Comparison between extracted seismic and synthetic seismogram through the WSG section in the 
Ogilvie Creek 2 well.  In the synthetic seismogram track the background colour fill is the extracted seismic 
from the survey, the trace is the synthetic seismic.  The seam-groups within the WSG section correspond to 
discrete seismic reflections present in the 3D survey. 
The synthetics generated in key wells provided an understanding of reflector character and polarity 
which was used to develop a seismic interpretation strategy and tie the remaining 13 wells.  Using 
these calibration points as a guide, five regional horizons were identified in the wells and interpreted 
in 3D to grossly subdivide the seismic volume into Cretaceous / Late Jurassic, Middle Jurassic 
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containing the WSG, Lower Jurassic, Permian (Top Rangal Coal Measures) and basement intervals 
(Figure 46).   
 
Figure 46.  Regional amplitude seismic section through keys wells showing the seismic stratigraphy of the 
Surat and Bowen Basins.  The synthetic seismic response is shown in the wells compared against the seismic 
volume in TWT. 
Within the Middle Jurassic interval of interest (Springbok Unconformity – top Durabilla) seam-group 
scale well-to-well correlation was attempted following the nomenclature of Scott et al. (2007) as 
described in Figure 42.  This framework allowed for delineation of the alluvial facies outlined in 
Figure 43 within the study area dataset.  The stratigraphic markers and facies logs were translated to 
time using the well ties and the equivalent seismic events were mapped in PetrelTM using reflectance 
and relative acoustic impedance (RAI) seismic volumes.  RAI was found to be particularly effective 
in imaging coal seam-groups as the low density and velocity inherent to coal lithologies resulted in 
large reflection coefficients and hence distinct and mapable negative polarity events (Figure 46).  The 
high-resolution subdivision of the WSG (Figure 42) allowed for time horizons to be mapped 
throughout the study area, which generally subdivided the WSG interval into nine seam-group 
isochron intervals.  Seismic attribute volumes including amplitude, variance, envelope, sweetness and 
isofrequency volumes were calculated and extracted along and between the seismic horizons which 
defined these intervals.  Some attributes were colour blended together using a red-green-blue filter 
which improved seismic imaging and allowed geobodies to be extracted more easily.   The envelope 
of the RAI volume and maximum negative amplitude attributes volumes were then used to guide a 
second iteration of TWT interpretation in which individual architectural elements identified in the 
wells (i.e. channels, crevasse splays) were deterministically remapped within the existing high-
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resolution TWT interpreted framework.  Seismic interpretations were then converted from time to 
depth using velocity models derived from check-shot calibrated sonic logs.  
The minimum thickness required to generate distinct reflections from the top and base of a layer 
(referred to as the seismic tuning thickness) is empirically established as ¼ wavelength; however 
seismic events below this thickness may be observable as positive or negative amplitude anomalies 
owing to constructive or destructive interference (Widess 1973).  Given high frequency content 
(dominant frequency of 50-60 Hz and maximum frequency of 80-90 Hz) and P-wave velocities of 
2500 ms-1 the seismic detection limit in the WSG interval is estimated at 6-8 m.  Individual coal plies 
or crevasse splays (commonly less than 1 m thick) are far below seismic detection limits; however, 
amalgamated seam-groups and splay complexes are 5 – 8 m thick and thus usually seismically 
resolvable.  Similarly, simple channels (6-10 m) and channel belts (10-18 m thick) are also usually 
detectable within the seismic dataset.  Examples of these can be seen in Figure 48 and Figure 49. 
 
RESULTS 
To define the geometry of WSG architectural elements, seismic reflections generated from seam-
groups and other architectural elements were mapped throughout the 3D volume in TWT, using the 
well ties as calibration points.   
WSG alluvial architecture 
Coal seam-groups 
WSG packages were seismically mapped throughout the study area using an RAI volume calculated 
from the original reflection dataset. The uppermost seam-groups are homogeneous coal layers which 
tend to produce coherent, high amplitude negative reflections which are easily mapable.  From this 
mapping, the architecture of the coal seam-groups can be delineated and the interaction between 
organic and clastic architectural elements is observed.  Figure 47 illustrates the architecture of the 
Macalister seam-group (following the nomenclature of Scott et al. 2007), including the location of 
erosion by a Macalister (or younger) aged channel belt as well as the location where the seam splits 
due to development of crevasse splays.  Lower Juandah (Wambo, Iona, and Argyle) and Taroom 
seam-groups were more often observed to be heterolithic successions of interbedded coal and 
mudstone layers and as such produced lower amplitude chaotic reflections, except in areas where they 
amalgamate.  Seam-groups were observed to amalgamate into compound, over-thickened coal prone 
succession or split into as many as 14 individual units, and as such the nine-part seam-group 
framework (Scott et al. 2007) breaks down in some areas.   
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Figure 47.  Architecture of the Macalister Seam-group.  RAI seismic section and schematic section A-A’ 
through four wells across the Balonne Nose.  Arrow 1 - the Macalister seam is eroded and completely removed 
by a compound channel in the Horseshoe anticline area (intersected by the Horseshoe 2 well).  Near the 
Gambier Park well, the Macalister seam is a thick and continuous coal seam-group which produces a coherent, 
high amplitude negative (blue) reflection.  Arrow 2 - the point where the Macalister seam-group splits from a 
single amalgamated seam-group into discrete upper and lower seam-groups.  This area, along the flank of the 
Balonne Nose, has increased accommodation space which favours the development of the coarsening then 
fining upward crevasse splay complexes (observed in Oglivie Creek 1 well) which can cause seam splits.   
The seismic envelope attribute proved most useful in identifying areas of high amplitude 
(amalgamated and possibly ombrotrophic) and low amplitude (modified or topogenuous) seam-
groups (Figure 48).  Within seam-groups pods of seismically continuous coal zones were delineated 
and mapped as areas of unbroken high amplitude, coherent reflections.  Each seam-group interval 
was found to contain between 2-5 pods of seismically continuous seam-group reflections which were 
on average 4.2 km2.  While seismically continuous, these pods may be subject to sub-seismic 
heterogeneities including individual coal ply splits, small-scale faulting, or coal lithofacies changes 
within plies which may reduce the size of any hydro-dynamically connected CSG reservoirs 
contained within.  
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Figure 48.  Map a) is extraction of seismic envelope within the Macalister seam-group interval; b) shows 
interpreted alluvial sub-environments; c) is the representative a training image created in PetrelTM which can 
be used to generate MPS facies realisations.  Maps show entire seismic survey. 
Intra-formational modification of seam-groups occurs due to the interaction between mire 
environments and adjacent or younger clastic alluvial elements.  Channel belts were observed in both 
well and seismic sections to deeply incise and replace seam-groups with fluvial sediments (Figure 
47).  Crevasse splays are not observed to be erosive, but did result in seam-group splitting into two 
or more discreet coal prone units separated by clastic interburdens.  Extra-formational modification 
also occurs as the Kogan seam-group was observed to be locally eroded by the overlying Springbok 
Sandstone.  In areas not affected by coarse clastic elements, the WSG seam-groups produced 
comparatively higher amplitude and more continuous reflections than in the areas where seam-groups 
were influenced by clastic elements. 
Channel forms 
Channel forms, including channel belts and isolated channels, were identified in the wells then 
deterministically mapped as amplitude events in TWT or in seismic attribute extractions.    Extractions 
of seismic attributes including envelope and RGB blended iso-frequency volumes, proved the most 
useful in imaging channel and associated channel architectural elements.  Channel features were 
typically resolved as sinuous breaks in high amplitude seam-group reflections; a seismic character 
consistent with intra-formational channel erosion (Figure 49). 
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Figure 49.  Interval 5 extraction showing an isolated channel feature imaged by RGB blended frequency 
volumes.  The extracted spectrum was subdivided into three volumes: low frequency volume has dominant 
frequency of 20 Hz; mid frequency volume has dominant frequency of 50 Hz; high frequency volume has 
dominant frequency of 80 Hz.  Horseshoe, Gambier Park and Ogilvie Creek structures are shown as is the 
strike of the Balonne Nose. 
In general, channels were observed to be roughly north-south oriented, which is consistent with S-SE 
palaeoflow information from the Rostock 1 well, located 20 km to the east of the study area (Shields 
and Esterle 2015).  Within the study area, two distinct channel types were identified, each with unique 
seismic character and geometries (see Figure 48).  Small (400-800 m width) and isolated, simple 
channel forms were observed in attribute extractions, commonly accompanied by well-developed 
pointbars and levee components.  These features are characterised by high-amplitude seismic events 
with sharp lateral margins and were linked to simple fining upwards wireline motifs in the wells 
(Figure 48).  Channel belts, >1600m wide representing multi-storey compound channels were also 
observed (Figure 48 and Figure 51a).  This facies also contains sharp margins, but exhibits a 
heterogeneous and chaotic internal seismic character, often containing visible remnants of multiple 
cannibalised internal thalwegs within an overall sinuous channel belt.  In logs this unit was 
characterised by a thick and blocky composite channel motif suggesting channel superimposition 
(Figure 44).  Simple channels were generally not associated with the removal of coeval seam-groups 
and instead were observed to sharply overlie equivalent coal layers.  In contrast, channel belts were 
observed to partially or entirely erode and replace coal lithologies with thick fluvial successions 
(Horseshoe 1 well in Figure 47). 
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Figure 50.  Seismic reflection dataset showing mapped channel elements.  Seismic sections A, B and C show 
the location of a channel belt as dimming of blue Macalister reflector (orange line between white arrows).  
Solid black lines are channel belts, dashed black lines are isolated channels.  Blue lines indicate the location 
of wells.  A cross section through the Horseshoe well is included in Figure 54. 
Within the Juandah interval, seven continuous isolated channel elements and two channel belts were 
mapped throughout the study areas (Figure 50).  Channel fragments, defined as discontinuous linear 
or sinuous seismic bodies were less confidently mapped in attribute extractions and may represent 
reworked channels or feeder channels temporarily active within crevasse splays. Given that strong 
evidence for anastomosis was not observed and that all channel forms described were somewhat 
sinuous, these features are assumed to be deposited by a generally north-south oriented meandering 
river system. 
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Figure 51.  a) Graph of seismically mapped channel width b) Graph of seismically mapped crevasse splay 
dimensions. 
Crevasse splays 
Crevasse splay complexes were identified in wireline logs as 6-8 meter thick heterolithic 
amalgamations of finely laminated fine and coarse-grained overbank sediments (see Figure 44).  
Acoustic properties of splays are probably similar to the background floodplain, and as such are most 
reliably mapped based on bifurcation patterns observed in more easily mappable coal seam groups.  
These facies were occasionally associated with broad, lobate areas of diffuse and low amplitude 
seismic character best observed in extractions of seismic envelope (Figure 52).    In TWT sections, 
splay complexes were mapped by identifying areas of seam-group splits, corresponding to serrated 
or coarsening then fining upwards archetypal crevasse splay log motifs.  Seven splay complexes were 
mapped in attribute isochore and TWT sections (Figure 52).  On average, splay dimensions were 
found to be 3.5 x 5.5 km (Figure 51b).  Splay geometries are somewhat lobate but often found to be 
variable, possibly due to post depositional modification by younger channels or imaging challenges 
associated with thinning below seismic resolution limits.  
 
Figure 52.  Seismic amplitude sections showing seismically mapped crevasse splay.  Orange reflector between 
white arrows in seismic sections is the interpreted crevasse splay.  Note broad lobate geometry extending 3 x 
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6 km.  Dashed black lines in inset map the show outline of mapped splays from other intervals within the study 
area.  This splay is confirmed by the Oglivie Creek 1 well shown in Figure 47. 
WSG depositional process 
A second theme of this paper is to investigate the controls upon the internal organisation of facies 
within the WSG.  Two somewhat conflicting views exist in the literature, namely an allocyclic model 
in which the reactivation of deep seated tectonic features influenced palaeogeographic patterns during 
the Jurassic (e.g. Scott et al. 2007), or an autocyclic model in which the alluvial organisation is 
predominantly internally governed via the mechanics of compensation stacking (e.g. Leblang et al. 
1981).   
Testing these hypotheses requires first unravelling the study area’s structural history to better identify 
the role tectonics played in influencing Mesozoic sedimentation patterns.  Significant thinning on top 
of the Balonne Nose (Figure 53a) is evident in the Permian to Base Middle Jurassic section, 
suggesting that this feature initiated in the Permian before being peneplained by the base Surat 
unconformity.  Similar thinning on top of the anticline expressed in the Mesozoic (to a lesser extent) 
and younger sections indicates the feature was periodically reactivated until relatively recent (Figure 
53b).  Localised thinning on top of the three superimposed fault blocks is most pronounced in the 
Permian but also present in the WSG section, suggesting that the structure was rejuvenated during 
the Middle Jurassic before being truncated by the Springbok Unconformity.  Evidence for the 
reactivation of deep seated structures during the Jurassic is important as it indicates that these features 
were likely active during deposition of the WSG and thus may have exerted some control on the 
distribution of facies contained within the Jurassic section. 
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Figure 53.  a) Contours are the top Rangal structure and colour fill is the Rangal – Base Jurassic isochron.  
Strong conformance between colours and contours indicates that the Balonne Nose and subsequent orthogonal 
structures began forming early and were truncated by the base Surat unconformity.  b)  Contours are the 
Springbok Unconformity structure; colour fill is the Top Evergreen – Springbok Unconformity isochron.  
Conformance between colour fill and contours illustrates that reactivation also occurred during the Jurassic as 
depositional thinning of the Jurassic section is coincident with the structural highs.   
Given our interpretation that deep seated structural reactivation was ongoing during the Jurassic, the 
architectural elements identified in the WSG were interrogated with respect to structural features 
present within the study area.  In general, no correlation between simple channels and structural 
features or older WSG channels was observed.  Although these channels did generally tend towards 
a north-south orientation, subparallel to the strike of the Balonne Nose; they appeared randomly 
distributed with no apparent clustering adjacent to tectonic elements.  In addition, isolated channels 
can be seismically mapped cross cutting the Balonne Nose (see Figure 48 and Figure 49).  In 
contrast, the occurrence of crevasse splay complexes is observed to correspond inversely with the 
structure of the Balonne Nose.  The higher proportion of crevasse splay complexes observed on the 
flanks of the anticline appears to support the suggestion that the Balonne Nose was actively forming 
during the WSG’s deposition and hence increased accommodation space was syn-depositionally 
developing on the feature’s flanks.  The presence of crevasse splays and generally sandier 
interburdens is observed to influence the character of coal seam-groups as higher frequency seam-
group splitting occurs on the flanks of the Balonne Nose, where crevasse splays are more commonly 
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present.  This relationship results in a higher chance of occurrence for seismically continuous coal 
bodies to be located on the crest of the Balonne Nose, an observation demonstrated in the Macalister 
seam-groups (Figure 48).  This elevated position likely prevented clastic influx into the mire resulting 
in Juandah coal layers which are noticeably thicker and contain lower ash content (inferred from 
lower coal density log values) as compared with adjacent areas – an observation which suggests the 
local development of topographically protected amalgamated peat mires (McCabe and Parish 1992).  
These seismic observations are corroborated by well data from the Horseshoe wells, located atop the 
Horseshoe structural complex which show the presence of thick and low ash coals in wireline logs.   
Upper Juandah channel belts were non-randomly distributed and observed to align on top of deep-
seated structural highs (Figure 47).  The youngest channel belts recognized (Macalister interval) 
conforms to the Horseshoe fault block, whereas the other (present in the Nangram interval) runs 
parallel to the crest of the Balonne Nose (Figure 50).  Associating sustained channel environments 
with positive topographic features is problematic as intuitively channels are expected to preferentially 
occupy structurally low areas.  To account for this observation a mechanism of topographic inversion 
due to compensational stacking is proposed.  It is suggested that earlier topographic highs, which 
formed due to deep-seated structural rejuvenation, promoted the development of highly compressible 
thick and low ash amalgamated peat deposits.   These coals subsequently compacted comparatively 
more than the surrounding clastic-rich succession and hence became inverted, forming local 
topographic lows which then attracted and sustained fluvial channel belt environments.  This pattern 
of thick fluvial channel belts preceded by anomalously thick, low ash coal development is observed 
to repeat twice in the section overlying the Horseshoe Creek structure, encountered in the Horseshoe 
2 well (Figure 54a). 
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Figure 54.  a)  Interpreted RAI seismic section; b) Uninterpreted RAI seismic section; c) Corresponding well 
section with gamma ray (GR) and sonic (DT) wireline logs.  Observations: pink arrow: Deposition of 
amalgamated and over thickened Taroom coal-seam-groups occurred due to the Horseshow structure’s 
elevated position.  Green arrow: an overly thick and sand prone Tangalooma Sandstone succession developed.  
This sequence contains two discrete Tangalooma Sandstone channel cycles (>20 m thick) as opposed to the 
single 10 m thick Tangalooma Sandstone channel sequence in the surrounding off-structure Braeburn-1 well.  
White Arrow: Development of thick amalgamation of Lower Juandah coal seams, which overlie the 
overthickened Tangalooma section.  Blue arrow:  Formation of an 18 meter thick channel belt, which entirely 
eroded the Macalister seam-group (as evidenced by the Horseshoe 2 well) in the area above the Horseshoe 
structure. Section line is located in Figure 43, A-A’. 
Seismic interpretation linked with wireline log analysis describes structurally seeded organic facies 
developments which are propagated upwards through the WSG section via the mechanics of 
compensational stacking.  These variations were interrogated with respect to the Horseshoe 2 well, 
in which a facies configuration consisting of two repeated cycles of thick sandstones overlying thick 
amalgamated coal successions is observed.  
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The cyclicity observed in Horseshoe 2 well is interpreted to have begun with the development of 
peats which formed in a protected position, probably due to reactivation of the Permian Horseshoe 
complex or the Balonne Nose.   Due to its elevated position on the alluvial plain, this protected area 
developed coals which are thicker and more homogenous than those encountered in the adjacent 
Braeburn well, located 1 km off structure.  Early post-burial, these peats compacted and formed a 
localized topographic low relative to the adjacent floodplain which allowed for an anomalously thick 
Tangalooma Sandstone sequence to be deposited.   Alternatively and equally likely it is possible that 
the Tangalooma Sandstones initially compacted these peats in-situ. The Tangalooma Sandstone 
overlying the Horseshoe complex is approximately double the thickness of neighbouring wells 
(Figure 54).  This thick and sandstone rich succession compacted relatively less than adjacent finer 
grained sediments and following its burial the Horseshoe area once again became a structural high, 
topographically protected from the surrounding alluvial plain.  In this position, a second thick 
amalgamated peat mire environment was established atop the Tangalooma structural high, 
represented by the amalgamation of Lower Juandah coal seams (Figure 54).  Following its burial, 
due to the presence of anomalously thick and low ash coals, these coal layers compacted more than 
the adjacent floodplain succession which allowed for a second amalgamated channel belt to occupy 
this location during deposition of the Upper Juandah.  This channel belt ultimately eroded through 
the Macalister seam, as observed in seismic sections and in the Horseshoe 2 wireline logs (Figure 
54).  The evolution of this sequence is described in Figure 55. 
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Figure 55.  Evolution of the WSG section overlying the Horseshoe structural complex.  Logs show are sonic 
log (DT) and gamma ray (GR). 
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CONCLUSION 
Seismic characterisation of the Myall Creek dataset has yielded insight into the geometry and controls 
upon the organisation of the WSG alluvial system.  The WSG succession is composed of channel, 
channel belt, crevasse splay and peat mire environments.  Channel belts, perhaps representing fluvial 
deposition inside incised valleys were found to be 1600 - 2000 m wide, simple channels 400 - 800 m 
in width and crevasse splays averaging 3.5 x 5.5 km.  Two classes of peat mire environments were 
recognized in well logs and in seismic, differentiating peats which formed in protected positions on 
the alluvial plains from those which formed adjacent to active clastic depositional environments.  The 
development of a WSG specific database for alluvial architectural elements can aid future facies 
modelling works by providing a range of geometric inputs for object models or by deriving 
seismically calibrated training images for multi-point simulation. 
The internal organisation of the WSG is complex, with common alluvial modification of peat mire 
environment observed at inter-well distances (<750 m) in seismic sections.  Seam-group stratigraphic 
correlations following the nomenclature of Scott et al. (2007) drawn solely from well data were often 
found to be invalidated by seismic reflections.  This finding highlights the value seismic datasets in 
resolving the complex and highly variable stratigraphic relationships present within the WSG 
stratigraphy. 
Interrogation of high resolution coal seam-group seismic interpretation has led to the hypothesis that 
structurally seeded compensational stacking contributes to the complex facies architectures observed 
within the WSG.  Sometimes, the trigger for these sequences appears to be the rejuvenation of 
Permian structures which have been demonstrated to form earlier (during the Jurassic) than previously 
thought.  Further away from localised structural features (such as the Horseshoe complex) 
compensational stacking likely influenced the occurrence of channels and peat mires at a smaller 
scale.  Defining causal links between sedimentological character and the controlling mechanism(s) 
can enhance facies modelling efforts by allowing for the development of WSG specific process based 
modelling techniques, which require some understanding of the controls upon a system’s 
palaeogeographic organisation.   
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This paper presents numerical modelling experiments designed to test and develop a new hybrid 
approach to facies modelling that couples process-based automata with traditional geostatistical 
algorithms.  The approach captures the influence of compensational stacking on alluvial organisation 
by developing and integrating an open source PETRELTM 2015 grid decompaction plugin into facies 
model workflows (see appendix 2).  Models constructed using the new and existing approaches are 
compared against each other and a high-resolution seismic dataset to identify the impact of 
methodology on facies population in CSG reservoir models.  This study is designed to address 
research theme #4 as outlined in the RESEARCH OBJECTIVES & THESIS STRUCTURE 
section.  This chapter includes minor revisions which were made to the published version of this paper 
to promote continuity throughout this thesis. 
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ABSTRACT 
Differential compaction plays a key role in influencing the palaeogeographic organisation of many 
depositional systems.  In the Jurassic Walloon Subgroup, the process of compensational stacking 
contributes significantly to the complex coal layer architecture and is documented from coal mine, 
outcrop and seismic datasets.  Despite this understanding, current best-practices do not formally 
consider the mechanics of compensational stacking when populating palaeogeography facies in coal 
seam gas (CSG) reservoir models.  To address this limitation, a hybrid modelling workflow was 
developed in which numerical rules representing the process of differential compaction are used 
explicitly to condition an iterative workflow containing traditional geostatistical facies modelling 
algorithms.  The workflow is based around a newly developed open source plugin which allows grid 
decompaction in Schlumberger’s PETRELTM 2015 software.  Application of the workflow was tested 
in a CSG production area containing closely spaced wellbores and a 3D seismic survey.  In this area, 
facies models were constructed using both traditional geostatistical approaches and the newly 
developed hybrid methodology.  Comparison of these models suggests that facies models constructed 
via unconstrained geostatistical approaches often result in unrepresentative realisations, inconsistent 
with coal seam architectures as observed in seismic and outcrop.  The hybrid geostatistical-forward 
modelling approach developed during this study was better able to reproduce complex alluvial 
stacking patterns, particularly with respect to coal seam amalgamation, bifurcation and washout. 
INTRODUCTION 
Field-scale numerical earth models are useful in understanding the structure of geological systems 
and can be interrogated to predict reservoir behaviours in response to certain input conditions (Tipper 
2008).  Within the CSG industry, these predictions often underpin techno-commercial subsurface 
activities including field development and reserve estimation. The predictive capability of these 
models relies, in part, on their ability to accurately represent the three-dimensional distribution of 
rock and fluid properties within a reservoir (Hosseini et al. 2013).  Depositional facies provide a 
representation of palaeogeography and are a principal control upon the spatial distribution of reservoir 
units, as well as the hydraulic connectivity within or between reservoirs (Ayers 2002, Eichhubl et al. 
2004).  Recognizing this, most reservoir modelling workflows use the palaeogeographic facies 
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variable to guide the subsequent population of rock types and reservoir properties (Davies et al. 2009).  
While a variety of facies modelling methodologies exists, they can be generalised into two broad 
categories: 1) geostatistical approaches which honour statistical distributions and predefined spatial 
or temporal relationships and 2) stratigraphic forward modelling (SFM) methods which populate 
facies using numerical rules intended to approximate geological processes.   
Geostatistical approaches use predefined input distributions and spatial relationships sourced from 
analogues or empirical datasets to the population of facies properties.  These methodologies employ 
a variety of geostatistical tools to generate spatial probability fields which are used to create stochastic 
realisations of the subsurface.  Variogram models, describing the decay of correlation with offset, are 
one such geostatistical tool used commonly in pixel based geostatistical facies population algorithms 
such as indicator kriging, sequential indicator simulation (SIS) or truncated Gaussian simulation 
(TGS) (Journel 1983).  Model outcomes using these techniques are statistically robust but may appear 
pixelated, failing to capture the true structure of the geological system they are intended to represent 
(Deutsch 2006).  Object based techniques such as Marked Point modelling populate physical entities 
of predefined shapes and sizes to represent geologically meaningful depositional sub-environments 
such as channels or lobes (Holden et al. 1998).  Facies models constructed using object modelling 
can produce an overly idealised representation of a geological system, which may not honour all input 
data (Seifert and Jensen 2000).  Multi-point statistics (MPS) was developed to reproduce more 
complex geological structures than can be rendered using traditional two-point statistics, without the 
use of idealised objects.  In MPS, the variogram model is replaced by a search mask which explores 
a pre-selected training image to describe higher order statistics (Silva and Deutsch 2014).  Once the 
spatial interactions between the training image facies are defined, a model can be constructed by 
applying these relationships to the observed model dataset.  Training images are conceptual models 
of the subsurface describing geological variability in three dimensions; however, given the 
uncertainty inherent to geological datasets the selection of an appropriate training image is often 
subjective (Comunian et al. 2012).  MPS succeeds in reproducing the complex spatial relationships 
inherent to many geological systems; however, model outcomes are highly dependent upon which 
training image is selected (Boisvert et al. 2007).  Furthermore, while 2D training images are readily 
available (e.g. digitised from aerial photos), 3D training images describing vertical stratigraphic 
relationships are more difficult to produce.  These limitations may reduce the capability of models 
constructed using MPS to meaningfully represent geological stacking patterns.  In general, 
geostatistical approaches are readily applicable and statistically robust; however, the resultant models 
may be biased based on the inputs, may not honour all input data or may result in geologically 
unrepresentative outcomes.  
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Process driven techniques, also termed stratigraphic forward modelling (SFM), populate facies using 
mathematically derived rules to approximate physical geological processes such as sediment 
dispersion, hydraulics and basin subsidence (Sacchi et al. 2016).  Within the realm of SFM numerous 
mathematical approaches including geometric models, diffusion models, and hydraulic models have 
emerged and been tested in multiple basins (Huang et al. 2015).  SFM approaches are able to produce 
detailed sedimentary architectures; however, this methodology is rarely applied in industry field-scale 
modelling due to the approach’s inability to strictly condition large input datasets.  Despite limited 
direct application in reservoir-scale models, forward modeling approaches can be used to develop 
training images for subsequent use in MPS based modelling approaches (Straubhaar and Malinverni 
2014).  This compound methodology leverages the geological realism achievable in SFM, with MPS’ 
ability to strictly conditioning input datasets. 
Both geostatistical and forward modelling methodologies have been previously applied to the Surat 
Basin (e.g. Howell et al. 2013, Hamilton et al. 2014, Zhang et al. 2014, Bianchi et al. 2015, Erriah et 
al. 2015, Martin and Morris 2015, Zhou et al. 2016).  These earlier studies highlight the challenges 
in reproducing the complex stratigraphic architecture inherent to heterolithic coal bearing alluvial 
successions in numerical facies models. In these environments, a series of unique geological 
phenomena relating to the presence of organic facies result in complex reservoir structures including 
coal seam amalgamation, coal seam splitting and coal seam washout due to channel erosion.  In the 
Walloon Subgroup (WSG) this complexity is further compounded by the thin, laterally discontinuous 
and heterolithic nature of WSG coal layers (Martin et al. 2013).  Due to these challenges, existing 
reservoir modelling approaches struggle to capture the WSG’s complex stratigraphic architecture and 
hence may poorly represent the structure of the CSG reservoirs contained therein.  Considering the 
hierarchical nature of subsurface modelling workflows, should the stratigraphic complexity be 
insufficiently captured within the facies model, the distribution of reservoir units and the prediction 
of flow structures within or between reservoirs may be compromised in the resulting model. 
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Figure 56.  Schematic of the WSG’s depositional environment illustrating the influence of compensational 
stacking upon alluvial organisation.  The location of active fluvial, lacustrine and peat forming environments 
is partially controlled by topographic variations expressed at the surface due to differential compaction driven 
compensational stacking. 
In the alluvial environments, such as the WSG, the process of compensational stacking contributes 
significantly to the complexity of coal layer architectures (Figure 56).  In a fluvial context, 
compensation refers to a river systems tendency to exploit topographic lows, responding to nature’s 
preference for minimizing the potential energy associated with elevation (Straub et al. 2009).  
Compensational stacking is the tendency for depositional systems to exploit topographic variations 
which form due to the differential compaction of sediments (Wang et al. 2011).  This autocyclic 
process plays a key role in influencing the palaeogeographic organisation of many depositional 
settings and is especially important in peat-forming environments, such as the broad alluvial plain 
upon which the WSG was deposited (Rajchl and Uličný 2005, Hofmann et al. 2011, Hammer et al. 
2012).  In these environments, subtle differential compaction driven changes in topography may exert 
significant local control on the basin’s alluvial organisation, resulting in complex coal-seam 
architectures such as seam-group amalgamation, spitting, or washouts (Flores 2013).   Topography 
can also influence the lateral distribution of coal lithotypes, with lower mineral (low ash content) 
coals preferentially forming on topographic highs, away from active clastic environments.  Within 
the Surat Basin, the influence of compensational stacking upon the WSG’s alluvial architecture is 
observed in mine datasets (Leblang et al. 1981), outcrop exposures (Yago 1996) and in 3D seismic 
surveys (Shields et al. 2017).  Despite this understanding, current modelling workflows do not 
explicitly consider the mechanics of compensational stacking when populating depositional facies in 
CSG reservoir models.  To address this limitation, this paper presents a hybrid facies modelling 
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methodology in which traditional geostatistical algorithms are complimented with automata 
describing the process of differential compaction.  By integrating decompaction based modelling into 
an iterative facies modelling routine, the mechanics of compensational stacking due to juxtaposition 
of different lithologies can be captured.  The methodology is tested in an area of the Surat Basin 
which contains a high-resolution 3D seismic dataset complimented by closely spaced CSG boreholes. 
STUDY AREA & DATASET 
The Surat Basin is a large Mesozoic intracratonic basin extending for over 270 000 km2 in eastern 
Australia (Green 1997).    This study is focused on the northeast flank of the Surat Basin in the Lauren 
area of the Undulla Nose (Figure 57).  Regionally the eastern limb of the basin dips gently to the 
southwest; however the Undulla Nose is a south westward plunging anticlinal structure superimposed 
upon its eastern margin.  The anticline formed during the Cretaceous in response to reactivation of 
the deep seated Burunga-Leichardt Fault system, present in the underlying Bowen Basin (Ryan et al. 
2012).  The Undulla Nose is a highly productive CSG area attributed to enhanced fracture 
permeability arising from tectonically induced coal bed flexure across the structure as it formed (Scott 
et al. 2004).  The study area is covered by an open-source 85 km2 3D seismic survey, complemented 
by 65 intersecting well penetrations. 
  
 
Figure 57.  Study area and dataset.  Structure map of the Springbok Unconformity cropped over the seismic 
survey extents.  Colour bars show the scale of structural elevation (m MSL), contour interval on left map is 
100m, and on right map is 10m.  Black dots are well locations, red box is modelled area.  Lines of section A-
A’ is in reference to Figure 69.  Line of section B-B’ is in reference to Figure 59 
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WALLOON SUBGROUP 
The WSG is a prolific coal bearing formation containing approximately 33 000 PJ of proven and 
probable CSG reserves (DNRM 2016).  The formation denotes the late transgressive and highstand 
stages of the Surat Basin’s second Jurassic sequence, termed the K-Sequence by Hoffmann et al. 
(2009) (Figure 58).   Sediments composing the WSG consist of a heterolithic succession of channel, 
overbank, and peat-mire environments generally agreed to have been deposited on a vast and 
waterlogged alluvial plain (Exon 1976, Yago and Fielding 1996, Martin et al. 2013, Shields and 
Esterle 2015).  The WSG succession contains four discrete alluvial architectural elements 
representing simple channel, channel belt, crevasse splay complexes, and heterolithic or amalgamated 
peat mire sub-environments (Shields et al. 2017).   
The stratigraphy of the WSG (Figure 58) can be broadly subdivided into upper and lower coal prone 
units respectively termed the Juandah and Taroom coal measures, which are separated by a relatively 
coal poor Tangalooma Sandstone (Jones and Patrick 1981, McKellar 1998).  The Juandah Coal 
Measures are further subdivided into upper and lower units separated by the Juandah Sandstone (Ryan 
et al. 2012).  The Upper Juandah Coal M easures (the focus of this study) were deposited in the 
highstand systems tract of the K-Sequence (Hoffmann et al. 2009). The WSG framework can be 
locally further refined into multiple informally named coal seam groups (Scott et al. 2007).  Each 
seam group comprises a <10 m thick heterolithic amalgamation of coal, organic rich mudstones, 
claystone, and tuff interbeds inferred to represent a period of sustained mire formation.  Individual 
coal plies are typically less than 0.3 m in thickness; however locally amalgamate up to 10 m thick in 
places (Herckenrath et al. 2015).  Regional application of this lithostratigraphic framework has been 
demonstrated to be problematic (Wainman et al. 2015); however, within field sized study areas it 
remains useful. 
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Figure 58.  Stratigraphic column (Scott et al. 2004, Wainman et al. 2015).  Gamma ray track illustrating 
typical lithology of the Surat Basin Jurassic Sequence.  Systems tracts (after Hoffmann et al. 2009) show the 
major sequences and systems tracts in the Surat Basin. 
Previous investigations have suggested that the alluvial organisation of the WSG succession responds, 
in part, to the mechanics of compensational stacking (Leblang et al. 1981).  In an alluvial context, 
compensational stacking refers to the manner in which the palaeogeographic organisation of a 
floodplain responds to topography created by differential compaction (Hofmann et al. 2011).  The 
process of differential compaction is driven by juxtaposition of sediments which compact at differing 
rates.  As strata becomes buried, the variable compressibility of laterally heterolithic successions 
results in topographic variations becoming expressed on an otherwise generally flat alluvial plain.  
This continuously evolving topography has been demonstrated to control the palaeogeography of 
many depositional settings (Zaritsky 1975, Laws 1976, Nadon 1998, Long et al. 2006, Van Asselen 
et al. 2009, Van Asselen et al. 2011, Flores 2013). A clear example of this process is described in 
Allen’s (1979) channel avoidance model which documents the mechanism by which buried channels 
can influence the position of active channels in fluvial environments.  In this model sand-rich buried 
channels compact comparatively less than adjacent fine-grained flood basin sediments, and form 
topographic highs.  Active channels therefore tend to avoid these areas, preferentially avulsing to 
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topographically lower areas on the floodplain.  This process often results in en-echelon stacked 
channels, in which generations of parallel oriented channels are laterally offset from one another 
(Figure 56).  Alluvial successions, such as the WSG, are particularly sensitive to differential 
compaction due to abrupt lateral facies changes coupled with the presence of organic lithologies, 
which compact at significantly higher rates than most clastic sediments (Laws 1976, Elliot 1985, 
Flores 2013, Widera 2015).   
The process of compensational stacking is most commonly invoked to explain the organisation of 
flow-deposits (e.g. lobes or channels) (Staub et al. 2009).  The location of peat mires, although not 
flow-events, may also be influenced by the mechanics of compensational stacking.  In peat-forming 
environments, differential compaction induced topographic variations may be exploited by mires, as 
these elevated areas provide protection from both flood water inundation and incursion of fluviatile 
clastic materials.  Examples of this are cited in Weisenfluh and Ferm’s (1991) offset model, in which 
the high compaction rates of buried peats form local depo-centers into which channels preferentially 
avulse.  Conversely, abandoned channels compact comparatively less and form protected topographic 
highs, favorable for the development of peat mires.  In these elevated areas paludification can occur 
if rates of subsidence or precipitation allow for a slowly rising groundwater table.  As peat is 
somewhat impermeable, a perched groundwater table may form if precipitation exceeds evaporation.  
This condition may lead to the formation of a rainwater fed raised or ombrotrophic mires, in which 
thick amalgamations of low ash coal can locally develop (Diessel 1992).   
This model appears to apply to the WSG, as within the study area it was observed that the 
palaeogeography is not randomly organised but rather a pattern exists in which older depositional 
elements influence the position of younger ones.  Interpretations drawn from closely spaced CSG 
wells and the 3D seismic dataset demonstrate that thick and amalgamated coal bodies are commonly 
collocated with multistorey channel development (Figure 59).  This relationship can be explained by 
invoking the mechanics of the offset model to explain the presence of differential compaction driven 
compensational stacking.  The sequence (outlined in Figure 59) begins with deposition of multistorey 
channel sandstones, which compact comparatively less than the surrounding fine-grained floodplain 
deposits.  Due to early post-burial differential compaction, these areas become topographically 
elevated relative to the surrounding floodplain.  In these protected areas, thick organic sequences can 
develop uninterrupted by clastic incursion, resulting in the accumulation of over-thickened peat 
deposits with low ash content (Figure 56).  Upon their burial, these thick peats compact at higher 
rates than the surrounding sediments, hence these areas form topographic lows into which subsequent 
channel belts are likely to avulse.  In this manner, the presence of thick coal and channel environments 
are spatially dependent upon one another, thus explaining the presence of sequentially stacked 
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amalgamated coal bodies and multi-storied channels (Zhou et al. 2016). Underpinning this model is 
the assumption that thick and low ash peats preferentially form in topographically protected elevated 
areas whereas channels avulse to topographically low areas of the floodplain (Weisenfluh and Ferm 
1991).  This assumption appears consistent with the depositional architecture observed within the 
study area; however, other factors including higher water tables in the adjacent floodplain and the 
presence of stable interfluvial areas may also result in thick coal seam development away from or 
between distributary channels axes (Ambrose and Ayers 1991).  In order to develop a topographically 
high area the rate of compaction must exceed the sedimentation rate. 
This depositional sequence is identified in the 68133 well (Figure 59) and described as:  
1. Development of an over-thickened amalgamated channel belt. 
2. Once buried this channel compacts less than adjacent floodplain sediments, thus forms a 
topographically high area upon which amalgamated peats can develop. 
3. Subsequent burial and rapid compaction of these amalgamated peats resulting in the reversal 
of the pre-existing topographic high into a topographic low.  The topographic low may then 
attract younger fluvial channels causing the sequence to repeat.   
 
This cycle is observed in the 61833 well, thereby explaining the repeating pattern of channel belt 
overlying amalgamated coal layer which is observed in the WSG (Figure 59).  Away from thick 
channels, coal plies are more commonly thin and interbedded with clastic sediments, as observed in 
the offsetting two wells (61380 and 61834). 
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Figure 59.  Influence of compensational stacking observed in well data.  Line of section is shown as B-B’ in 
Figure 57.  1) Deposition of an overly thick channel belt succession. 2) Once buried this channel belt becomes 
topographically elevated and amalgamated peats form in this location.  3)  The amalgamated peat become 
buried and compacts rapidly, forming a topographic low which is exploited by younger channels.  This model 
requires some lag time, during which compaction occurs.  For this reason the sandstone deposited at time 1 is 
not topographically expressed until time 2.  In this sense the sandstone which develops at time 3 is not 
expressed in the overlying coal. 
METHODS 
This study develops a new hybrid approach for populating facies in CSG reservoir models.  To test 
the validity and applicability of this approach, two experiments were undertaken.  The first 
experiment uses synthetic data to test whether the hybrid methodology can reproduce the idealised 
compensational stacked coal layer architecture recognized in Figure 59.   
A second experiment uses actual data to compare field-scale model outcomes generated using 
traditional geostatistical and the new hybrid facies modelling methodologies.  These models were 
constructed in PetrelTM 2015 over a 6 km x 5 km area (see Figure 57) in the Upper WSG Coal 
Measures, from the base of the Juandah Sandstone (located overlying the K-Sequence “maximum 
flooding surface” equivalent) to the Springbok Unconformity (The L-sequence boundary, Figure 58).  
Two model scenarios were constructed and compared:  1) a geostatistical model scenario in which 
interpretations derived at the wells are geo-statistically interpolated using unconstrained geostatistical 
algorithms 2) a model scenario constructed using the hybrid methodology in which a PetrelTM 2015 
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decompaction plugin developed by the authors is used to iteratively create topography which is used 
to condition facies realisations. 
Model scenario 1 – Geostatistical model 
The geostatistical model is a scenario in which unconstrained algorithms are used to populate facies 
into a 3D reservoir model.  In this workflow, stratigraphic markers are interpreted and manually 
propagated between wells to define a structural grid (Figure 60).  Once a structural framework is 
established, facies, lithology and property models are populated inside.  In the context of this paper, 
depositional facies refers to discrete alluvial sub-environments (e.g. channel, peat mire), lithofacies 
are the rock types which compose those environments (e.g. sandstone, coal) and properties are the 
physical characteristics inherent to each lithofacies (e.g. porosity, ash content).  Facies definition is 
manually undertaken at the wells using core calibrated wireline log motifs (described in Shields and 
Esterle 2015).  Lithofacies are calculated using the core calibrated wireline log cutoffs outlined in 
Figure 61.  In this workflow, facies are populated away from the wells via one of the previously 
described geostatistical algorithms such as SIS, TGS, MPS, or object modelling (Philpot et al. 2013).  
For this study, geostatistical interpolation was done using TGS and SIS.  Property distributions are 
upscaled from the wells, condition by lithofacies and then are subsequently populated conditioned to 
the lithofacies model.  Secondary trends sourced from seismic, analogues or empirically derived from 
the input data itself (i.e. depth trends) may be applied to increase the geological realism of the 
resultant model (Martin and Morris 2015).   
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Figure 60.  Schematic workflow for classic approach the CSG reservoir modelling.  Modified from Zhang et 
al. 2015. 
Model scenario 2 – Hybrid Model 
Current facies modelling approaches can be broadly subdivided into those which use geostatistics and 
those which are process based.  The hybrid methodology is considered an intermediary between these 
end-members as while it uses rules to represent the autocyclic process of compensational stacking, it 
does not attempt to capture a comprehensive suite of allocycic controls (e.g. eustatic, climatic or 
tectonic forcings) as most other SFM methodologies do.  In the hybrid methodology, these external 
influences are approximated using geostatistics (via vertical proportion curves, facies probabilities 
and 2D spatial trends).  
The hybrid facies modelling methodology developed during this study couples automata representing 
the mechanics of compensational stacking with traditional geostatistical algorithms (TGS and SIS).   
Similar to stratigraphic forward modelling, the routine is an iterative approach in which the final 
model outcome is a collection of sequentially modelled individual pseudo time steps.  After each 
modelling iteration (i.e. each layer or collection of layers), an intermediate realisation is decompacted 
to generate a decompacted model representing the topography of the alluvial plain at a specific point 
in time.  The workflow simultaneously creates a subsurface model using actual inputs and a 
decompacted version of that model used to approximate topography at a given time.  The topographic 
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model, representing the structural variations resulting from differential compaction of the alluvial 
plain at a certain point in time, is normalised into spatial probability fields which are then used as 
secondary data to condition the population of the palaeogeographic facies model for the subsequent 
(i.e. immediately younger) layer.  By applying a sequentially decompacted modelling routine the 
influence of compensational stacking, in which the location of older palaeogeographic element 
influence the presence of younger ones via differential compaction, can be captured.   
The workflow begins with construction of an empty orthogonal grid constrained to only the surfaces 
which can be interpreted with relative confidence from well logs, the Springbok Unconformity (L-
sequence boundary) and base of the Juandah Sandstone (located above the K-sequence “maximum 
flooding surface” equivalent).  Grid block dimensions are predefined as 50 m x 50 m laterally with a 
notional thickness of 0.5 m.  These dimensions were selected to capture the minimum thickness of 
units observed in the logs, while still maintaining a reasonable model run-time.  Internal zones 
delineating the geometry of individual coal seam-groups are not defined as these correlations are quite 
subjective and as such carry a high degree of uncertainty.  Input data is upscaled from the wells into 
the pre-constructed grid.  Input data for palaeogeography and lithofacies is filtered on an individual 
layer and then populated for that layer alone using traditional geostatistical algorithms.  Lithofacies 
are calculated at the wells using core calibrated wireline cutoffs (Figure 61) and then subsequently 
populated using TGS or SIS, conditioned to the palaeogeography model.  The lithofacies model for 
the resultant layer (and all older layers) then undergo decompaction modelling according to the 
compaction relationships outlined in Table 5 and Figure 61.   
 
Figure 61.  Lithofacies compaction curves and wireline gamma ray (GR) and density (DEN) log cutoffs. 
Compaction curves are borrowed from Buchanan (2015) who developed a series of lithology specific 
relationships describing the decay of porosity with depth in the Jake C1 cored well, located northwest 
of the study area.  This methodology defines mechanical compaction rates using numerical models 
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sourced from Hammer et al. (2012) for coarse grained siliciclastics sediments, Baldwin and Butler 
(1985) for clay rich siliciclastics, and Sheldon and Retallack (2001) for organic facies (Table 5).   
LITHOFACIES 
POROSITY-DEPTH 
CURVE 
CONSTANTS AUTHOR 
Sandstone 
𝛷(𝑧) = 𝛷0𝑒
−𝑐𝑧  
  𝛷(𝑧) = porosity at depth z 
  𝛷𝑜 = initial porosity 
  z = depth 
  c = compaction coefficient 
   
Hammer et al. 
 (2012) 
Sand dominated 
heterolithc  
 
Mud dominated 
heterolithc 
 
Mudstone 
𝛷(𝑧) = 1 − (
𝑧
𝑧𝑚𝑎𝑥
)
1
𝛼⁄  
  𝑧𝑚𝑎𝑥  = depth of zero porosity 
  𝛷(𝑧) = porosity at depth ‘z’ 
  𝛼 = compaction coefficient 
  z = depth 
Baldwin & Butler 
(1985) 
Carbonaceous 
Mudstone 
 
Coal 𝐶 =
(1 − 𝛷0)
(𝛷0 𝑒𝑘𝑧) − 1⁄
 
  C = compaction factor 
  k = compaction coefficient 
  𝛷(𝑧) = porosity at depth ‘z’ 
  𝛷𝑜 = initial porosity 
 
Sheldon and Retallack 
(2001) 
 
Table 5.  Compaction equations (after Buchanan 2015). 
The hybrid methodology uses inputs of hard and soft data types (Figure 62).  Hard data is always 
honoured and consists of the cells upscaled at the wells for the lithofacies and depositional facies 
properties.  Soft data types are the trends, variograms and probability properties used to disseminate 
properties away from the wells.  These include the variogram ranges and orientations (or training 
image if using MPS) used to describe the geometry of sub-environments, the vertical proportion curve 
describing how the probability of facies occurrence varies with depth and 3D properties expressing 
the spatial probability of facies distribution as a function of decompacted topography.   
The modelling workflow (Figure 63) is iterative, beginning with population of the deepest (oldest 
layer).  The decompacted depth of the first layer (0.5 m thick) is calculated from an arbitrary datum 
(surface).  The decompacted thickness of each lithology layer is computed as a function of the ratio 
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between the in-situ depth and the decompacted depth, as per the curves in Figure 62.  Integrating the 
thickness of the collection of decompacted layers and then subtracting this thickness from the datum 
results in a transposed decompacted facies property which provides a representation of topography at 
a given time.  The topography property is then normalised into a series of spatial probability fields 
which are used to condition the population of palaeogeographic facies in the subsequent (overlying) 
layer of the model.   
 
Figure 62.  Hybrid modelling methodology soft inputs.  Variogram ranges were calculated from seismic 
attribute extractions published in Shields et al. (2017).  Vertical proportion curves and input distributions are 
empirically modelled from well data.  Topography probability properties are calculated from the topography 
property in the decompacted grid (yellow is high probability, green is low probability). 
 
Figure 63.  Schematic for the hybrid modelling methodology. 
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RESULTS & DUSCUSSION 
Assessment of modelling approaches using synthetic data: 
A synthetic reservoir modelling experiment was undertaken to test the hybrid methodologies ability 
to recreate idealised compensational stacking patterns observed with respect to coal seam architecture 
(described in Figure 59).  Previous studies have observed a relationship between channel belts and 
amalgamated coals seams in the WSG, suggesting that differential compaction plays a role in 
influencing coal seam development (Zhou et al. 2017, Shields et al. 2017).  This relationship has also 
been observed in well datasets present within the study area (Figure 59). 
 
Figure 64.  Inputs for the synthetic modelling experiment.  A, B, and C in the idealised stratigraphic column 
refer to the model steps referenced in the following Figure 65. 
The synthetic dataset includes two wells located 6 km apart containing a 50 m thick peat mire – 
floodplain sequence representing the Upper Juandah succession (Figure 64).  Between these wells a 
1600 m wide and 10 m thick channel section composed of sandstone and sand dominated heterolithics 
was deterministically populated encased in floodplain mudstone sediments.  This section is then 
covered by an additional 10 m of floodplain mudstone sediments.  Based on the compaction curves 
presented in Figure 61, the 10 m load of sediments results in compaction of the floodplain mudstones 
such that a 36% (3.6 m) net loss in thickness is observed.  By comparison, the coarse-grained channel 
sandstones experience only a ~2% (0.2 m) decrease in net thickness.  This differential compaction 
results in more than 3 m of topography becoming expressed atop the channel at the time organic 
production commenced at the beginning of the Upper Juandah (time A in Figure 65).  The hybrid 
modelling methodology normalises the topography generated in the decompacted grid into spatial 
probability fields which are used to preferentially populate organic facies in these elevated (protected) 
areas.   
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A 20 m thick succession consisting of multiple 3-8 m thick coal seam groups separated by clastic 
interburden sediments (representing the typical Upper Juandah section) is populated overlying the 20 
m of channel / floodplain succession (Figure 65).  The hybrid workflow populates amalgamated coal 
facies in the elevated areas overlying the buried channel.  In adjacent areas (away from the channel) 
the stratigraphy reflects the thin and heterolithic coal seam and interburden stacking patterns observed 
in the wells.  At time B (Figure 65) the topographic high overlying the channel becomes minimised 
as the amalgamated coal facies deposited here compact at higher rates than the adjacent heterolithic 
section.  Due to this increased compaction, the topographic high overlying the channel at time A is 
absent by time B (Figure 65).  A final stage of sedimentation is simulated by burying the succession 
with an additional 10 m of undifferentiated interburden sediments.  This load further compacts the 
amalgamated coal layer present overlying the buried channel, resulting in the area which was 
topographically high becoming inverted into a topographic depression by time C (Figure 65).  This 
topographic low area will likely attract younger generations of fluvial channels.   
 
Figure 65.  Compaction derived spatial probability fields evolving over time.  A:  10 m thick channel facies is 
loaded by 10 m of floodplain sediments.  The positive topographic feature overlying the channel is reflected 
as an area of high probability (red) for coal deposition by time B.  B:  Deposition of additional 20 m of coal 
and interburden alluvial facies by time B results in the reduction of the positive topographic feature previously 
overlying the channel.  C:  Deposition of an additional 10 m of sediments results in topographic high overlying 
channel at beginning of time B becoming inverted into a low.  Topography probability property varies between 
0 and 100 (colour bar indicated). 
This sequential modelling approach allows the instantaneous topography of the succession to evolve 
over time and uses this property explicitly to condition model outcomes at each model step.  
Comparison of model outcomes (Figure 66E) versus conceptual understanding of alluvial stacking 
patterns in the WSG (Figure 66B) demonstrates that the hybrid workflow is able to capture the 
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compensationally stacked coal seam amalgamation patterns.   In these realisations, coal seam layers 
are observed to coalesce in areas overlying thick channel sandstones.  Continued burial and 
compaction of these amalgamated coal bodies will result in topographic depressions attracting a 
younger generation of channel belts (consistent with observations in the 61833 well at time 3, Figure 
59).  Realisations constructed without the influence of processes describing differential compaction 
(Figure 66 C and D) tend to populate less representative tabular or sheet-like coal layers which may 
be biased to the correlation scheme, variogram ranges or model layering scheme.   
 
Figure 66.  Synthetic modelling experiment results.  A:  The synthetic dataset includes two wells, separated 
by 6km.  Each well has logs describing a 30 m thick succession of interburden and coal seam groups intended 
to represent the Lower Juandah.  Between the wells is a 1600 m wide channel belt.  B: The conceptual model 
follows seismic and outcrop observations as it predicts coal seam amalgamation to occur atop channel belts.  
C & D: Classical approach scenarios based on uncertain well-to-well correlations.  E: The hybrid model 
outcome honours both the measured data at the well, as wells as the coal seam amalgamation patterns observed 
in seismic and outcrop.  Black lines denote grid blocks. 
Block models, such as those generated in Figure 66E, can be used directly as 3D training images in 
MPS.  The architecture captured in these training images can result in MPS models which better 
capture complex structures including coal seam amalgamation, bifurcation and wash-outs. 
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Assessment of the traditional CSG reservoir modelling approach using actual data: 
To assess the predictive capability of the hybrid facies modelling workflow, a second experiment 
using actual well data available within the Lauren study area (Figure 57) was conducted.  In this trial, 
model outcomes constructed using the geostatistical and hybrid facies modelling methodologies were 
compared against each other and the seismic dataset.   
A common structural grid was constructed using seismically calibrated stratigraphic well-markers 
and seismic surfaces at the Springbok Unconformity and the Juandah Sandstone.  Interpretations of 
palaeogeography facies were undertaken at the wells using wireline log motifs calibrated to core 
descriptions to identify channel belt, isolated channel, peat mire and floodplain environments.  
Variogram ranges outlined in Figure 64 were assigned to define the geometry of these alluvial sub-
environments (Shields et al. 2017).  Channel type and orientation were determined from previous 
WSG palaeogeography studies (Shields and Esterle 2015).   
The geostatistical facies model was populated following the workflow outlined in Figure 60, in which 
the entire model was populated in a single iteration using an unconstrained TGS algorithm (Figure 
69C).  In contrast, the hybrid methodology model was populated sequentially via TGS and SIS, 
beginning with the deepest layer (Figure 63).  After each model iteration, the collection of previously 
modelled layers were decompacted to generate an instantaneous topography property which was then 
used to condition the following model layer (Figure 67).  Lithology properties were defined at the 
wells using the cutoff values presented in Figure 62 and then populated conditioned to the facies 
model using TGS.   
 
Figure 67.  Original vs. decompacted lithological model at the end of Juandah deposition.  Note the 
topography which becomes expressed at the surface due to differential compaction. 
189 
Facies outcomes were compared against each other and the seismic dataset, particularly with respect 
to the presence of coal seam group amalgamation, splitting and washout due to channel incision.  
Synthetic seismograms were constructed in key wells with sonic and density logs and time - depth 
converted using checkshot information.  The synthetics were then calibrated to the seismic dataset to 
ensure a good tie between the seismic and well bore datasets (Figure 68).  The synthetic was depth 
converted using available checkshot data and hung from the Macalister coal interval.  Other intervals 
were not force-tied to show the overall quality of fit.  The extracted seismic to which the synthetic is 
calibrated to is reflectance data, as opposed to quadrature data (90o phase rotation) show in as shown 
in Figure 69.  In the interpreted section (Figure 69B) evidence for coal seam amalgamation is 
observed in both the seismic and well data sets at the 60740 well.  In this well an over-thickened (12 
m) Macalister seam group is evident in the logs and results in a strongly negative (blue) seismic 
reflection.  This event can be correlated to the Macalister interval of nearby 59227 and 91396 wells; 
however, the log and seismic response differs in the neighbouring wells.  In these offset wells the 
Macalister seam group wireline log response shows the seam group is thinner (~6 m) and heterolithic 
(Figure 59).  Similarly, the high amplitude seismic reflection observed at the 60740 well bifurcates 
and dims towards the adjacent wells.  The basal section of the Upper Juandah interval of the 60740 
well contains an over-thickened channel belt.  In contrast, the adjacent wells show a heterolithic 
succession of flood plain, peat mire and minor channel development in the basal Upper Juandah 
interval.  The presence of the amalgamated coal body in the Macalister seam group can be explained 
by differential compaction of the over-thickened channel belt present at the base of the Upper Juandah 
interval.  This succession is similar to that which was encountered in the 61833 well in Figure 59. 
190 
 
Figure 68.  Synthetic seismogram in the 59227 well showing the calibration between interpreted well data and 
seismic events.  Blue seismic reflections are negative (trough) while red seismic reflections are positive (peak).  
Given high frequency content (dominant frequency of 50-60 Hz) and P-wave velocities of 2500 ms-1 the 
seismic detection limit in the WSG interval is estimated at 6-8 m.  Individual coal plies or crevasse splays 
(commonly less than 1 m thick) are far below seismic detection limits; however, amalgamated seam-groups 
are 5 – 8 m thick and thus are usually seismically resolvable. 
 
The geostatistical facies modelling approach struggles to replicate the complexity of the 
compensationally influenced coal seam architecture observed in Figure 69A.  Without invoking 
differential compaction driven topography variations, capturing complex coal seam structures 
including seam amalgamation or bifurcation in the model is difficult away from well control.  This is 
evident by comparing the geostatistical (Figure 69C) and hybrid methodology (Figure 69D) facies 
model outcomes.  In the geostatistical model coal seam architecture is controlled solely by the 
information located at the wells, which is populated constrained solely by predetermined variogram 
ranges.  This results in the amalgamated coal seam present in the 60740 well, being modelled as a 
thick coal near the well, however away from the 60740 well the coal seam bifurcation predicted by 
the seismic and observed in the 91396 well is not represented in the model (Figure 69C).  In the 
191 
hybrid model outcome (Figure 69D), coal seam amalgamation occurs and is consistent with the 
seismic and well inputs.   
A second limitation of the geostatistical approach is the absence of predicted channel washouts, which 
if present, may contribute to the lateral compartmentalisation of CSG reservoirs.  Channel washouts 
are observed in seismic (green arrow Figure 69A and B) as localized areas of low amplitude 
reflections where channels have eroded though coal layers, replacing coal lithologies with sandstone 
or other clastic sediments.  In these areas, the high reflection coefficients between organic and clastic 
facies are locally removed and the amplitude of the reflector is significantly dimmer (green arrow 
Figure 69A).  In the geostatistical workflow, the entire zone is modelled in a single iteration and as 
such, interactions between clastic and coal lithologies cannot be explicitly captured.  In contrast, the 
hybrid methodology populates channel sandstones into topographic lows and allows these lithologies 
to replace what would be otherwise populated as organic facies.  This results in local areas of channel 
washout being populated in the hybrid model, which are absent in the geostatistical realisation 
(Figure 69D). 
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Figure 69.  Comparison of facies model outcomes and seismic inputs (section A-A’ in figure 2)   a) 
uninterpreted seismic quadrature section. b) Deterministic interpretations derived by integrating the well and 
seismic data.  c) Model outcome using the geostatistical approach.  d) Model outcome constructed using the 
hybrid facies modelling methodology.  Blue arrows indicate the location of channel washout and pink arrows 
indicate location of amalgamated Macalister seam bifurcation. 
Overall, the model outcome populated using the hybrid methodology provides a facies representation 
which appears more representative when compared to the seismic and well inputs.  The influence of 
compensational stacking is invoked to produce structures including localised areas of coal seam 
amalgamation, bifurcation and washouts.  These features are generally absent in the geostatistical 
realisation, except when encountered at the wells themselves.   
While the amount of coal in-place is similar between the model realisations, the reservoir architecture 
and hence the predicted flow pathways differ greatly.  In the hybrid methodology realisation, coal 
193 
bodies are generally continuous except where they are laterally truncated due to coal layer washouts.  
Furthermore, the hybrid model predicts better vertically connected coals due to amalgamation and 
bifurcation of coal layers.  In contrast, the geostatistical model populates tabular coal bodies which 
are constrained laterally by variogram ranges and the upscaled inputs at the wells.  Coal bodies appear 
stratigraphically isolated as vertical interaction between seams rarely occurs.   Overall, the hybrid 
facies methodology predicts a more complex internal architecture allowing for coal layers which 
occupy different stratigraphic intervals to coalesce in places.  In the geostatistical model channel 
sandstones appear to be more laterally continuous as the unconstrained TGS algorithm connects these 
facies between wells forming sand sheets present over several km.  This contradicts seismic 
observations indicating that most channel WSG bodies (with the exception of the Juandah or 
Tangalooma Sandstones) appear as sinuous features with widths generally less than 1600 m (Shields 
et al. 2017).  In the hybrid methodology channels are conditioned by the topography property to 
preferentially occupy topographic lows, thus the channel sandstones appear more sinuous and 
laterally restricted as compared to the tabular sand bodies which tend to be populated in the 
geostatistical approach. 
Whilst the hybrid facies modelling workflow succeeds in reproducing the compensational stacking 
driven stratigraphic patterns observed in 3D seismic, model outcomes are sensitive to the workflow 
inputs.  The compaction curves, which describe the rate and magnitude of topography generation, 
vary in response to several factors including mineralogy, fluid fill and burial history.  Published peat 
to subbituminous coal compaction rates range from 1.7:1 to 31:1, thus a wide band exists over which 
the compaction curves presented in Figure 61 can be reasonably varied (Widera 2015).  Furthermore, 
the degree to which compensation stacking influences sedimentation fluctuates within and between 
basins (Staub et al. 2009).  Compensational stacking is one of many geological processes operating 
within a basin and given that climatic, tectonic or eustatic controls also contribute to influencing 
sedimentation, the relative strength of compensational stacking on influencing depositional 
architecture is understood to vary.  The degree to which compensation stacking influences model 
outcomes within the hybrid methodology can be controlled by adjusting the normalisation end points 
used to construct the topographic probability properties from 0.5 and 0.5 (random, uninfluenced by 
topography) to 0 and 1 (perfect compensational stacking).  Figure 69D illustrates a highly 
compensationally stacked model outcome (end points of 0.25 and 0.75). 
These uncertainties highlight the importance of model validation.  Prior to application of the hybrid 
modelling workflow, it is useful to compare model outcomes against known geological patterns (e.g. 
sourced from outcrop exposures or seismic sections).  This calibration allows for model inputs to be 
tuned until representative results are achieved.  Another limitation of the hybrid methodology is 
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increased run time.  Classical modelling approaches are fast to apply as they simulate all model layers 
together.  In contrast, the hybrid approach is iterative as it uses the results from deeper layers to 
condition shallower model outcomes.  Instead of simulating the entire volume of interest (VOI) 
together, the VOI is vertically subdivided into pseudo time steps, each of which are simulated 
sequentially.  If the user defines 100 time steps in the model, then the model workflow must iterate 
100 times which proportionally adds to the total run time.  To mitigate increased run time the hybrid 
methodology could also be used to create more representative 3D training images than are currently 
available (particularly with respect to stratigraphic stacking patterns).  In this context, block models 
created using the hybrid approach which contain the complex structures that geostatistical algorithms 
struggle to reproduce (similar to Figure 66E), including coal seam amalgamation, bifurcation or 
washout can be generated and used directly as training images, deployed into short cycle MPS 
modelling workflows. 
 
CONCLUSION 
Interrogation of WSG facies models constructed using current geostatistical algorithm for facies 
population suggests that this approach struggles to reproduce the complex compensationally stacked 
coal seam architecture characteristic of the Walloon Subgroup.  This finding has led to the 
development of a modelling workflow in which the interaction between clastic and organic alluvial 
elements are captured via decompaction modelling.  This new methodology is a hybrid approach as 
it uses automata approximating the process of differential compaction to condition geostatistical 
algorithms in an iterative workflow.  The workflow is based upon an open source decompaction 
plugin developed during this study which allows for grid decompaction in PETRELTM 2015.  This 
workflow has been tested in a data rich CSG area and has demonstrated the ability to reproduce 
complex compaction driven alluvial stacking patterns, consistent with well and seismic observations.  
The workflow can be implemented directly to model actual field data or can be indirectly applied to 
create more representative 3D training images for later deployment via MPS.    
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7. SYNTHESIS & CONCLUSION 
 
The principal focus of this thesis is to investigate and improve the quality of numerical facies models 
for the Walloon Subgroup.  The quality of a numerical facies model can be measured by assessing its 
predictive capability, a factor which is generally related to the data inputs considered as well as the 
techniques utilized during model construction.  A literature review suggests gaps exist in 
understanding the WSG’s stratigraphy, regional palaeogeography, governing geological processes 
and local alluvial architecture as well as reveals problematic aspects of current reservoir modelling 
workflows.  The interlinking studies comprising this thesis constitute a multidisciplinary effort to 
update these inputs, over a variety of scales and via multiple datasets.   This holistic scope of research 
considers aspects of sedimentology, borehole image log interpretation, basin analysis, sequence 
stratigraphy, seismology, facies modelling, dynamic reservoir simulation and software development.  
The motivation for this research is established by a preliminary screening study (Chapter 3 - Paper 1) 
which studies the sensitivity of CSG production behaviours to understand how the distribution and 
continuity of coal layers and other reservoir parameters impact the predictions of reservoir models.  
Chapter 4 - Paper 2 integrates newly available wireline, core and BHI datasets to explore the 
stratigraphy and palaeogeography of the WSG’s depositional system at basin-scales.  Chapter 5 - 
Paper 3 uses a 3D seismic dataset to elucidate the geological controls upon alluvial architecture and 
describes the high-resolution palaeogeography of the WSG.  A final study (Chapter 6 – Paper 4) 
synthesizes the previous interpretations to test existing and develop new approaches for the 
population of facies variables in numerical reservoir models.  The conclusions and implications of 
these interlinking studies are discussed below.  
CSG PRODUCTION BEHAVIOUR 
Quantifying the geological controls upon Surat Basin reservoir behaviour is an important prerequisite 
to improving CSG reservoir models.  CSG reservoir performance is difficult to predict, owing to a 
series of complex and often obscure interactions between numerous reservoir parameters (Ryba et al. 
2011). Identification of the factors controlling CSG reservoir performance in the Surat Basin provides 
direction for future studies aimed at improving the predictive capability of subsurface models.  In the 
WSG, a high degree of vertical heterogeneity, lateral discontinuity and thermal immaturity pose 
unique challenges to reservoir characterization and preclude most other CSG basins as being useful 
analogues.  Without the benefit of extensive historical production data due to the relatively recent 
start of widespread CSG production in the basin or appropriate analogues, empirical simulation 
studies are one of the few remaining tools useful in studying reservoir behaviours.  As such, a CSG 
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production sensitivity experiment was designed and undertaken using open-source data from 152 
Surat Basin CSG wells.  
This study involved the compilation of a database of reservoir parameters which was subsequently 
used to construct and interrogate simulation models representative of three key production areas, 
present along the eastern Surat Basin CSG fairway.  Research outcomes demonstrate that production 
behaviours in terms of peak gas rate and total gas recovered respond mostly to variations in 
permeability and the distribution and lateral continuity of coal facies.  Specifically, permeability and 
net coal thickness were found to be the parameters which most significantly control the peak rate of 
gas production, while net coal thickness and lateral coal continuity most strongly affect the 
cumulative amount gas produced.  Importantly, this study confirms that the distribution and lateral 
continuity of modelled coal layers is a key factor influencing the prediction of cumulative gas 
produced from Surat Basin CSG wells.  These findings provide impetus for the larger scope of 
research outlined in this thesis.  In particular, they highlight the requirement for further study to 
delineate the WSG alluvial architecture and develop new techniques able to better represent the three-
dimensional distribution and geometry of coal facies in CSG reservoir models. 
STRATIGRAPHY 
The prevalent regional application of lithostratigraphic frameworks in the Surat Basin is problematic 
and impedes our understanding of the basin’s deposition systems.  Changes in sediment provenance, 
depositional energy or accommodation space alter lithologic responses, thereby eroding the utility of 
this approach to delineate regional packages of contemporaneous strata.  For these reasons, more 
recent studies (e.g. Martin et al. 2013, Wainman and McCabe 2017) have demonstrated that 
lithostratigraphic frameworks are invalidated by newly available CSG wellbore data and are 
diachronous when applied regionally; however, may remain useful in localised or field-scale CSG 
areas.  Considering these observations, this thesis applies a sequence stratigraphic approach for 
regional intra-Walloon stratigraphic delineation which was propagated to 772 wells throughout the 
basin.  In this nomenclature, the WSG sedimentary section is stratigraphically subdivided into two 
system tracts: (1) an upward-fining transgressive systems tract (TST); and (2) an overlying 
coarsening-upward highstand systems tract (HST).  Separating these two systems is a mudstone-rich 
interval containing a maximum flood surface (MFS), reflecting the ‘deepest’ or most waterlogged 
conditions of the K-sequence.  This approach provides a simple yet robust sequence-stratigraphic 
framework which appears valid across the basin. 
By classifying the WSG into systems tracts, certain commonalities can be observed with respect to 
the character of each discrete depositional system.  BHI analysis indicates that the relative proportions 
of laterally and vertically accreting channel components changed over time, reflecting a systematic 
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temporal variation in fluvial styles.  In the TST, vertical channel aggradation is dominant, likely 
reflecting comparatively higher rates of accommodation creation.  In the HST, the relative proportion 
of lateral accretion fabrics is found to increase upwards and is attributed to an increased proportion 
of meandering channels relative to the TST.  Although somewhat obscured by spatial variations, the 
TST was generally observed to contain a higher degree of blocky, vertically aggrading channel 
motifs, which were replaced by fining-upward IHS dominated channels in the HST.  Defining 
temporal variations in fluvial style is important as these trends appear to be regional and thus probably 
relate to extra-basinal controls, including syn-depositional changes in subsidence rates or patterns.   
Channel style relates to the orientation, geometry and distribution of peat-mire (i.e. CSG reservoir) 
throughout the Surat Basin.  Anastomosing systems contain multiple channels of varying sinuosities 
and are common in basins containing high subsidence rates.  Peat-mire environments in these rapidly 
aggrading settings might be expected to be laterally discontinuous (commonly truncated by small 
channels) and highly stratified because of recurrent clastic influx into the mire.  Owing to their 
frequent interaction with clastic environments, compositionally these coals are expected to host 
higher inorganic mineral content which translates to poor CSG reservoir quality.  In contrast, peat-
mires present in well-established meandering systems might be expected to colonise larger and more 
stable interfluve areas further away from active clastic deposition.  Fewer and more stable channels 
may reduce the occurrence of clastic influx into peat-forming environments and allow for the 
development of thicker and more homogenous coal layers with a lower ash content. 
REGIONAL SEDIMENTARY ORGANISATION 
Examination of the holistic WSG depositional system was undertaken to update the WSG’s 
palaeogeographic model and delineate depositional trends at basin scales.  Underpinning this study 
is the previously discussed sequence-stratigraphic framework.  Previous palaeogeography studies 
suffered not only from contentious stratigraphy, but also due to the poor quality and restricted 
locations of outcrop exposures within the Surat and Clarence-Morton Basins.  This is the first regional 
study to overcome these limitations by engaging new technology in the form of borehole image logs 
(BHI) to develop more comprehensive models of palaeodrainage patterns and spatial variations in 
fluvial styles.  This new dataset offers insight into the orientation and style of fluvial systems present 
within the basin center and can allow for higher confidence interpretations of regional variations in 
fluvial styles and sediment dispersal patterns.  Interpretations developed within this thesis were tested 
against existing palaeogeographic models which describe the Walloon Subgroup as either an 
internally draining fluvio-lacustrine system (Yago 1996) or, alternatively, as a southeast-prograding 
distributive trunk drainage system (Hamilton et al. 2014).   
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Spatial and temporal fluctuations in Walloon Subgroup fluvial processes reflect subtle variations 
within an overall alluvial environment. Towards the central–north regions of the basin, the 
identification of channel successions dominated by lateral accretion deposits indicates the presence 
of southeasterly oriented meandering channels.  In the south, fluvial successions are dominated by 
smaller–scale vertically aggrading channel deposits, interpreted to represent sediments of an 
anastomosing or distributive fluvial system.  These interpretations are supported by north–to–south 
proximal to distal facies relationships observed in channel frequency, degree of channel deposit 
superimposition, interburden sandstone–to–mudstone ratios, and in-channel bedset thickness.  Along 
the subcrop edge westward–oriented tributary channels were recognised, which likely fed the 
southeasterly oriented system from the basin’s eastern margin.  Localised palaeoflow directions are 
observed in both westward and southward orientations, indicating that both models remain possible; 
however, this study suggests the presence of an overriding southeasterly oriented drainage system is 
most consistent with the palaeoflow data and observed proximal-to-distal facies relationships.  Recent 
palaeogeographic reconstructions constrained by a new chronostratigraphic framework derived from 
the age dating of air-fall tuff beds support this interpretation (Wainman and McCabe 2017).  Given 
the industry’s hierarchical understanding of alluvial plain organisation, unravelling the system’s 
evolving fluvial palaeogeomorphology is important as the geometry and occurrence of all sub-
environments (including peat mires) are related to the fluvial styles present (McCabe 1984).  As such, 
clear definition of the WSG’s regional depositional trends provides important context for follow-on 
field-scale facies modelling exercises.   
LOCAL PALAEOGEOGRAPHY 
The local-scale palaeogeography of the WSG is complex and challenging to delineate.  Previous 
studies have relied upon mining bores, outcrops or closely spaced CSG wellbores to infer the WSG’s 
local alluvial organisation; however complications may serve to limit the utility of these datasets.  
Outcrop and mine based investigations suffer from the poor exposure quality and limited locations 
which are restricted to the edge of the basin near the WSG subcrop edge.  Relying on closely spaced 
CSG wells is also problematic as previous work has demonstrated that well-to-well stratigraphic 
correlations are uncertain, even at relatively close (<200 m) well spacing (Leblang et al.1981).  The 
absence of templates describing the geometry, orientation and spatial relationships of the WSG’s 
alluvial sub-environments contributes significantly to uncertainty in field-scale facies models. 
To address this limitation, an open source 3D seismic dataset was calibrated against well penetrations 
and analysed to resolve templates describing the geometry, size and orientation of architectural 
elements present within the WSG.  Seismic is commonly used to condition WSG structural 
interpretations; however, this is one of the first published studies which uses seismic attributes to 
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image the internal architecture of the WSG.  Seismic characterisation has yielded insight into the 
geometry of the individual palaeo-environmental architectural elements which comprise the WSG 
alluvial system.  The WSG succession is composed of channel, channel belt, crevasse splay and peat 
mire environments.  Channel belts were found to be 1800 - 3000 m wide, simple channels 400 - 800 
m in width and crevasse splays averaging 3.5 x 5.5 km.  Two classes of peat mire environments were 
recognized, differentiating amalgamated peats which likely formed in protected positions on the 
alluvial plains from those which are more heterogenous and probably formed adjacent to active clastic 
depositional environments.  The templates of WSG architectural elements which were resolved at 
local scales have a variety of direct applications for facies models as this information can be used to 
define variogram ranges, as geometric inputs to Boolean simulation or as training images in the 
application of multi-point simulation.   
DEPOSITIONAL PROCESSES 
The WSG’s regional and local-scale alluvial organisation reflect the interplay between external 
controls (e.g. tectonic, climatic) and intrinsic geological processes (e.g. compensational stacking).  
Located perhaps 300 km inland at the time of WSG deposition (Bradshaw and Yeung 1990), eustacy 
probably played an insignificant role in WSG sedimentation.  Instead, local subsidence and 
reactivation of deep-seated faults appear to have somewhat affected depositional styles, despite the 
Surat Basin being relatively tectonically quiescent during the Middle Jurassic.  Focusing regionally, 
Chapter 4 cites variations in channel character and occurrence across the Burunga-Leichhardt fault 
system as evidence of syn-depositional tectonic control.  Similarly, Chapter 5 demonstrates the 
presence of fault related depositional thinning in the Jurassic section, indicating that localised fault 
rejuvenation was episodic and may have occurred much earlier than was previously thought.  Further 
corroborating evidence that syntectonism played a role in influencing the palaeogeography of the 
WSG has recently emerged in seismic (Boyd et al. 2016) and stratigraphic (Wainman and McCabe 
2017) studies.   
Research included in this thesis has uncovered strong evidence for autocyclic control of the local-
scale alluvial system.  Chapter 5 and 6 present interpretations drawn from closely spaced CSG wells 
and 3D seismic datasets which demonstrate that thick and amalgamated coal bodies are commonly 
collocated with multistorey channels.  The relationship between stacked amalgamated peat mire 
complexes and channel units can be explained by invoking the mechanics of differential compaction 
driven compensational stacking (Weisenfluh and Ferm 1991).  The sequence begins with deposition 
of multistorey channel sandstones, which compact comparatively less than the surrounding finer 
grained floodplain deposits.  Due to early post-burial differential compaction, these areas become 
elevated forming topographically protected areas on the floodplain.  In these protected areas, thick 
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organic sequences can develop uninterrupted by clastic incursion, resulting in thick peat 
accumulations with low ash content.  Upon their burial, these thick peats compact at higher rates than 
the surrounding areas, hence forming topographic lows into which subsequent channel belts may 
avulse towards.  In this manner, thick coal and channel environments are related to one another, 
explaining the presence of sequentially stacked amalgamated coal bodies and multi-storied channels 
(Zhou et al. 2016).  In the absence of strong allocyclic controls such as well-defined eustatic cycles 
or prevalent tectonism, autocyclic processes such as compensational stacking are suggested to be 
increasingly important. 
MODELLING 
WSG facies models have suffered from the absence of key inputs including a regional understanding 
of the temporal and spatial variations in depositional styles and templates describing the geometry, 
orientation and spatial relationships of alluvial sub-environments.  These challenges are further 
compounded by limitations in the methodologies used to construct WSG numerical facies models.  
Presently, most numerical WSG facies models are constrained by well-to-well stratigraphic 
correlations defining equivalent strata, despite the presence of numerous studies (Leblang et al 1981, 
Yago 1996, Shields et al. 2017) which demonstrated that the WSG’s high degree of internal 
complexity results in abrupt facies changes at smaller than inter-well spacings.   As such, these 
correlations are considered to be highly subjective.  The inherent uncertainty of this approach 
cascades through the facies model workflow and ultimately may undermine the ability of current 
reservoir models to reliably predict the inter-well distribution and connectivity of coal seams or other 
alluvial sub-environments.  In basins such as the Powder River, coal seams can be reliably correlated 
for several kilometers (Ambrose and Ayers 1990), thus seam-to-seam stratigraphic correlations are a 
likely a valid basis for model construction; however, in the thinly bedded and lenticular WSG, this 
methodology breaks down.  In addition, the geostatistical algorithms used to populate CSG facies 
modelling tend to generate either overly-idealised facies realisations which do not fully honour well 
data, or pixelated statistical facies distributions which lack geological realism.  Multi-point 
methodologies, which can populate geologically representative realisations, suffer from the lack of 
templates describing the WSG’s alluvial architecture in three-dimensions. 
The final component of this thesis develops and tests a new approach for facies population.  This 
methodology abandons the practice of using highly uncertain seam-to-seam correlations and 
unconstrained geostatistical algorithms.  Instead, model stratigraphy is subdivided into coarser 
packages based on reliable sequence stratigraphic boundaries, after which facies are populated using 
a new hybrid algorithm which leverages the respective strengths of both geostatistical and process-
based modelling methodologies.  This hybrid algorithm uses an iterative modelling methodology, 
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similar to the time-sequential approach followed by stratigraphic forward models.  In this manner, 
older strata are populated first and then decompacted to create an instantaneous representation of 
palaeo-topography present on the alluvial plain.  This topographic model is then used to condition 
facies populated into overlying layers, thereby allowing for older architectural elements to influence 
the position of younger ones.  Hence, the mechanism of differential compaction driven 
compensational stacking can be invoked to condition numerical facies realisations. 
This new methodology relies on a facies decompaction plugin compatible with Schlumberger’s 
PETRELTM 2015 software, which was developed during this thesis (see appendix 2).  This workflow 
has been tested in the Lauren area (Figure 69) and was demonstrated to be able to reproduce complex 
compaction driven alluvial facies structures, similar to those observed in 3D seismic.  The workflow 
can be either directly applied to model actual datasets or indirectly applied to create more 
representative 3D training images for later deployment via MPS.   
 
FUTURE DIRECTIONS 
This research has utilized newly available open-source wireline log, borehole image log and 3D 
seismic datasets to study previously unresolved aspects of the WSG's sedimentary organisation at a 
variety of scales.  Given the rapid pace of CSG development in the Surat Basin these datasets will 
continue to expand and newly available data will be instrumental in testing and refining the concepts 
outlined within this thesis.   
CSG production behaviours 
A key limitation of this research is the confidential nature of well completion histories and production 
volumes metered at the well in Queensland.  Public disclosure of this data would offer important 
insights into the degree of heterogeneity present within the WSG and how it impacts reservoir 
behaviours.  It would also allow for the calibration of simulation models via the matching of historical 
production, thereby improving the confidence of dynamic model predictions.  Furthermore, 
production data metered at the well provides a meaningful indication of reservoir quality and can be 
used quantitatively to condition static reservoir model realisations. 
Most Surat Basin CSG wells produce simultaneously from multiple coal zones.  This comingled 
production masks the behaviours of individual Walloon Subgroup reservoirs.  Given the large degree 
of variability observed between WSG coal layers (e.g. Scott et al. 2007), key test wells with publicly 
available isolated production (from a single seam completion) would be beneficial in understanding 
the variations in reservoir properties. 
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Regional Palaeogeography 
The southeasterly prograding trunk system palaeogeographic model for the WSG proposed herein 
differs significantly from the predominantly westward oriented drainage suggested by previous 
outcrop and mining exposure based investigations (e.g. Yago 1996).  This departure is attributed to a 
newly accessible borehole image (BHI) dataset which allows for palaeoflow analysis within the 
interior of the Surat Basin.  Previous outcrop based investigations are restricted to the subcrop edge 
near the basin’s margin or exposures within the Clarence-Morton Basin.  As additional BHI wells 
become publicly available the palaeoflow interpretations presented within Chapter 3 should be tested 
and updated.  Additional BHI data may allow for higher resolution models and more precise locations 
of facies transitions within the larger Surat Basin drainage system.  Sediment provenance work, 
specifically with respect to the source of WSG sandstones (e.g. via isotopic analysis of garnets) may 
also provide important insight into the regional organisation of the WSG.  The palaeogeographic 
models presented within Chapter 4 are focused primarily on interpretations drawn from data available 
along the eastern CSG fairway.  These interpretations should be complimented with more data from 
the western side of the basin, as it becomes available.   
WSG reservoir architecture 
This research offers new insights into the internal organisation of the WSG and leverages the lateral 
resolution of a seismic dataset to delineate templates for the geometry, orientation and size of WSG 
alluvial sub-environments.  While this database has direct applications to future models (to define 
variogram ranges, to define the geometry of objects used in Marked Point modelling or as a training 
image for use in MPS) the statistics drawn from this study represent a specific location within the 
basin.  Chapter 4 illustrates the spatial continuum of depositional style present within the Surat Basin; 
hence the relationships resolved in one area are not suggested to be valid across the basin, or for all 
stratigraphic intervals.  To generate a more comprehensive statistical database which fully captures 
the geometric ranges of WSG alluvial sub-environments, analysis of additional seismic volumes from 
other areas of the basin is warranted.  
Well-to-well correlations carry a high degree of uncertainty due to the heterolithic and laterally 
discontinuous nature of WSG sediments.  Advanced correlation tools available in more wells 
including chemostratigraphy, biostratigraphy, isotopic analysis (e.g. Martin et al. 2013) may be useful 
in further refining internal correlations. 
Numerical facies modelling  
Presently, the application of MPS in WSG facies modelling workflows suffers from a lack of 
available 3D training images.  To address this limitation, a library of WSG 3D training images can 
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be developed using the hybrid facies methodology to represent the spatially and stratigraphically 
varying palaeogeography and alluvial architectures present within the Surat Basin.   
The numerical facies modelling software developed during this research focuses on the WSG’s 
autocyclic controls and formalises the mechanics of differential compaction driven compensational 
stacking to condition facies model outcomes.  While evidence for compensational stacking exists in 
the literature (e.g. Leblang et al.1981) and was recognized in components of this thesis (Chapters 5 
and 6), other factors influence the depositional architecture of the WSG.  The significance of external 
forcings including localised tectonism, subsidence patterns, or climate upon the WSG’s alluvial 
organisation are poorly understood and should be explored further.   
This thesis explores the relationship between the distribution of facies and the topography of an 
alluvial plain.  Within a peat forming subenvironment there also exists a relationship between the 
structure of the mire and the distribution of coal lithotpyes or macerals which relate to coal quality 
(McCabe 1984).  Future modelling methodologies could be developed which use a similar algorithm 
as what was developed during this study to populate coal lithotypes or petrophysical properties within 
individual mires. 
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APPENDIX 
A1 – Conference abstracts 
Quantifying the subsurface controls on CSG reservoir behaviour, Surat Basin, QLD. 
PESA Conference, 2014, Brisbane Australia 
Daren Shields1 and Joan Esterle1 
1 School of Earth Sciences, The University of Queensland, QLD 4072, Australia 
*Corresponding author.  Tel: +61 7 3365 1180; Fax +61 7 336 51277 
E-mail address: daren.shields@uq.net.au (D. Shields) 
 
Following a decade of successful exploration and intensive research, CSG production in the Surat is 
set to dramatically increase as the capacity of three CSG-to-LNG export projects comes online.  To 
meet this increased demand an improved understanding of the subsurface controls on production 
behaviour is required to optimize reservoir exploitation.  
As Tyson (2009) observed, in most reservoir characterization experiments the input parameters, their 
distributions, and interdependencies are largely unknown.  Given these uncertainties, recognition of 
the critical CSG parameters and the quantification of their relative impacts to production behaviours 
is useful and can be developed by undertaking sensitivity studies in the form of analysis of variance 
(ANOVA).  Outcomes of previous CSG sensitivity studies indicate that coal permeability, gas 
content, and saturation most strongly effect peak gas rate in the San Juan Basin (Roadifer et al. 2003), 
while similarly a comprehensive study by Lagendijk and Ryan (2010) indicates that gas content, 
permeability, and net-to-gross were the parameters which most significantly affected CSG well count 
along the eastern Surat. The purpose of this study is to further explore the controls on CSG production 
behaviours and understand how these vary spatially. 
Distributions of reservoir parameters were compiled from open source well completion reports for 
three fields along the eastern edge of the Surat Basin; Tipton, Daandine, and Castledean.  The 
distributions were validated and then sampled to extract high, mid, and low values for the parameters 
gas content, permeability, net coal thickness, Langmuir pressure, Langmuir volume, and drainage 
area.  Single well radial models were constructed and simulated using a dynamic flow simulation 
software to output fluid rate and cumulative produced fluid predictions.  Comparison between cases 
indicates that permeability is the most critical factor with respect to peak gas rate while connected 
drainage area is the most sensitive factor controlling cumulative gas produced. 
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Insights into the regional sedimentary organisation of the Walloon Subgroup, Surat Basin. 
AAPG Asia Pacific Region, Geoscience Technology Workshop, Opportunities and Advancements 
in Coal Bed Methane in the Asia Pacific, February 12-13, 2015, Brisbane Australia 
Daren Shields1 and Joan Esterle1 
1 School of Earth Sciences, The University of Queensland, QLD 4072, Australia 
*Corresponding author.  Tel: +61 7 3365 1180; Fax +61 7 336 51277 
E-mail address: daren.shields@uq.net.au (D. Shields) 
http://www.searchanddiscovery.com/pdfz/documents/2015/51116shields/ndx_shields.pdf.html 
Despite more than a decade of intensive coal seam gas exploration and development in the Surat 
Basin, fundamental aspects surrounding the sedimentary organisation of the Middle Jurassic Walloon 
Subgroup remain unresolved.  Contradictory models describing the Walloon depositional system 
exist; namely an internally draining fluvio-lacustrine system (Swarbrick 1974, Fielding 1993, Yago 
1996) and a southerly prograding axial trunk system (Leblang 1981, Sliwa and Estrele 2008, Scott 
2008, Hamilton 2011).  The former, somewhat analogous to the Fort Union Formation in the Powder 
River Basin, invokes a radially organised fluvial system feeding a basin centre lake.  Along the eastern 
Surat this model predicts that sediment dispersal patterns and proximal-to-distal facies relationships 
will be oriented from east to west.  In contrast, a prograding trunk drainage system assumes a 
distributive axial system flowing southward towards a distant palaeo-coastline.  In this model, the 
prevailing sediment dispersal pattern and facies transitions are parallel to the basin axis, largely from 
north to south (with minor lateral inputs from east to west).  Without a unifying conceptual model 
elucidating the controls on Middle Jurassic deposition, predictions about the spatial or temporal 
distribution of coal-mires and other sub-environments within the Walloon Subgroup are tenuous. 
This study tests previous hypotheses surrounding the Walloon Subgroup’s sedimentary organisation 
by reconstructing regional sediment dispersal patterns and variations in alluvial plain architecture.  
The workflow integrates image log interpretation, wireline log analysis, and core description to 
explore the distribution and character of sub-environments along the eastern side of the basin.  
Preliminary sediment dispersal analysis indicates that the prevailing flow along the axis of the Surat 
was towards the southwest and southeast.  Along the eastern margin of the Surat palaeo-flow appears 
to be toward the west, south, and southeast.  Depositional architecture and stratal stacking patterns 
are observed to vary from north to south and from basin edge to centre.  Channels along the north-
eastern edge of the basin express thick multi-story motifs with high angle cross-beds and thick 
bedsets.  Channels towards the southeast and basin centre are relatively thinner with bedsets typically 
less than 0.5 meter and cross-bed dip of only 10 - 15 degrees.  These marked changes in channel 
morphology reflect regional variations in the alluvial system’s organisation.   
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Synthesis of preliminary observations support a southerly prograding trunk drainage model, as 
evidenced by a predominant sediment dispersal orientation towards the south (with subordinate flow 
feeding the trunk system from the east) and an overriding proximal-to-distal facies relationship 
observed parallel to the basin axis. 
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A2 – Facies Decompactor User Guide 
The following section outlines the installation and user instructions for the Facies Decompactor 
PETRELTM plugin.  The free-ware plugin is available from the UQ coal lab (j.esterle@uq.edu.au). 
INTRODUCTION 
Facies Decompactor is a Petrel 2015 plugin which can be used to decompact 3D facies models or 
upscaled well logs.  The iterative routine translates a grid at depth (layer-by-layer) to a reference 
datum (i.e. sea level).   Upon translation the thickness of strata are converted from their thickness in-
situ to their decompacted thickness according to their translated depth relative to the pre-selected 
datum.  Lithology specific compaction curves describing how thickness (% of original thickness) 
varies with depth (meters TVD) are used.  Templates of these are contained within the accompanying 
test project (UQtest.pet).  For support / feedback please contact Daren Shields at 
daren.shields@uq.net.au 
 
PLUGIN INSTALLATION GUIDE 
 
1. Open Petrel Plugin Manager tool (file options  Plugin Manager) 
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2.  Inside the Plugin Manager click “install plugin” and navigate to the .pip file for “Facies 
Decompactor” 
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3.  The .pip file will load the plugin into the program files\schlumberger\Petrel2015 directory 
 
4.  After successful install the “Facies Decompactor” plugin will appear in list of installed plugins.   
5.  Restart Petrel. 
 
PLUGIN USER GUIDE 
1.  Launching the program 
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2.  Program inputs  
To run the program the following inputs are required: 
A categorical variable (representing facies) property populated in a 3D grid or as upscaled well log.  
This is a property populated using any of the “facies modelling” processes available in petrel  (or an 
upscaled well log).  The facies template can be organized in any manner, provided it is a discrete 
(categorical) property 
 
Compaction curves describing the rate of compaction versus depth for each facies code  These are 
functions (one for each lithofacies) defined in petrel, which can be visualized in a function window 
or the settings tab for the function.  These curves (provided in the test project” are editable (or 
replaceable) by the user, but must be consistent with the codes in the facies property defined in the 
previous slide (i.e. one decompaction curve for every defined facies code). 
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3.  Setting up the user interface (UI): 
The UI opens upon launching the program and the user is prompted to enter the following inputs: 
Grid:  Drop in the grid containing the facies property the user wishes to decompact (test_grid) 
No. Layers:  Type in the number of layers to be decompacted (test project value is 40) 
Facies:  Drop in the lithofacies property (or upscaled log) the user wishes to decompact (lithofacies) 
Facies 1:  Drop in the compaction curve for facies code 1 (sandstone in test project) 
Facies 2:  Drop in the compaction curve for facies code 2 (dirtySS in test project) 
Facies 3:  Drop in the compaction curve for facies code 3 (silt in test project) 
Facies 4:  Drop in the compaction curve for facies code 4 (Mudstone in test project) 
Facies 5:  Drop in the compaction curve for facies code 5 (Coal in test project) 
Facies 6:  Drop in the compaction curve for facies code 6 (CarbMud in test project) 
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4.  Running the program 
Once the inputs are defined in the UI, click run.  Running the test project takes 2-3 min, detailed 
information about the progress can be obtained by opening the “Message Log” 
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5.  QC the output 
After the workflow runs a second grid is automatically placed into the Models Pane named 
“decompacted_grid”.  The “decompacted_grid” contains a new property, “decompacted_facies” 
which is the decompacted version of the facies property which was selected in the UI. 
 
SUGGESTED APPLICATIONS 
Hybrid facies modelling: 
The plugin can be integrated with all existing facies modelling algorithms present in petrel.  The 
plugin acts as a “decompaction engine”, to add the process of compensational stacking to 
geostatistical facies modelling workflows.  This is accomplished by designing a sequential workflow 
in the PETREL workflow manager and directing the plugin to decompact intermediate facies 
outcomes, and then use the products of these decompacted outcomes to condition how facies are 
populated into overlying layers.  Examples of this workflow exist in the PETREL test project 
available from the UQ coal lab. 
Correlation: 
Layer distortion due to compaction contributes significantly to wireline correlation uncertainty.  By 
decompacting wireline logs prior to attempting to correlate practitioners remove the geometric 
distortion caused by differential compaction and restore wells to their initial (as deposited) condition. 
Qualitative model validation: 
The decompacted model will have layer geometries which should be consistent with depositional 
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architectures observed in modern settings.  Following construction numerical models can be 
decompacted to ensure that the layer geometries and spatial relationships remain geologically 
reasonable in decompacted space. 
Statistical model validation: 
The decompacted model will have volumetric facies proportions consistent with modern 
environments.  These can be used to ensure that subsurface (compacted) models are consistent with 
reality. 
